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Synthetic approaches towards structurally-defined 
electrochemically and (photo)redox-active polymer 
architectures
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Synthetic approaches towards structurally-defined
electrochemically and (photo)redox-active
polymer architectures
Robert Schroot,a Michael Ja¨ger *ab and Ulrich S. Schubert *ab
Electrochemically active polymers are widely used in (opto)electronic applications, e.g. organic light-
emitting diodes (OLEDs), organic field-effect transistors (OFETs), solar cells or other light harvesting
devices. In this regard, the progress in controlled polymerization techniques opens new possibilities
to construct covalently linked polymer architectures, e.g. block copolymers or graft copolymers,
from defined building blocks. These architectures represent promising candidates for application in
(opto)electronic devices as they allow control of the morphology through self-assembly processes and,
furthermore, are capable of mimicking fundamental processes for directional charge transport or light
harvesting. This review details synthetic approaches to prepare functional redox-active and conjugated
homopolymers as well as the construction of covalently linked well-defined architectures thereof, e.g.
block copolymers, graft copolymers or chain end functionalized assemblies.
1. Introduction
Functional redox-active, conjugated or photoactive polymers
are valuable materials in the field of (opto)electronics, i.e. they
are applied in organic light-emitting diodes, organic field effect
transistors or for light harvesting inter alia in organic solar
cells. In these devices the polymers fulfill the tasks of charge
transport, charge separation, charge accumulation or photo-
sensitization. The activity and performance of the polymers in a
device is on the one hand determined by the molecular proper-
ties, e.g. redox potentials or light absorptivity, but on the other
hand also by physical parameters, e.g. device morphology,
morphology stability, trap sites or domain sizes, etc. (vide infra).
In this regard, covalently bound polymer based architectures,
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e.g. block, comb or end functionalized polymers, represent pro-
mising candidates to overcome hitherto existing challenges.1–7
Well-defined copolymers, i.e., with tailored molar masses, disper-
sity and end groups, are capable of self-organization into stable
and tunable morphologies.8–10 Moreover, a high end group
fidelity is beneficial for the controlled alignment of the
macromolecules.11 Additionally, the occurrence of defects and
trap sites lowers the performance of the materials.12–14 As a
consequence, the application of well-defined architectures is
expected to improve the device performance through the forma-
tion of ordered self-assembled structures with minimized
defect sites. Due to the progress in polymer science, i.e.
the development of a number of controlled polymerization
techniques, numerous well-defined architectures are readily
accessible and are gaining increasing attention in the field of
(opto)electronics.15,16
This review focuses on synthetic approaches and strategies
enabling the synthesis of well-defined polymer based architec-
tures, i.e. the aforementioned block, comb or end functionalized
polymers, which enable control of the morphology through
self-assembly processes and which are furthermore capable of
mimicking fundamental processes for directional charge trans-
port or light harvesting and allow the construction of multi-
purpose materials. The main focus is set on developments in
the last ten years and covers synthetic procedures as well as
strategies, whereas the application in devices consisting of these
materials as well as their working principle, e.g. solar cells,
is not presented but is partly discussed in other reviews.17–19
The preparation of alternating donor–acceptor polymers, dye-
decorated polymers,20 coordination polymers,21 and more-
dimensional polymers22,23 are intensively discussed elsewhere.While
individual polymerization techniques and single architectures,24,25
which are part of this contribution, were discussed in the respective
reviews in the last few years, the here given overview of a wide range
of techniques as well as architectures should be in particular helpful
for synthetic chemists. The classification of the presented electro-
chemically active polymers is based on the mechanism of charge
transport (Fig. 1).26 Redox-active polymers consist of monomer units
with isolated redox centers with pristine redox potentials. Charge
transport in these materials occurs by an electron hopping process.
As a consequence, the charge carrier mobilities are limited. Never-
theless, redox-active polymers have been widely investigated and
benefit from their facile preparation by controlled (radical) polymer-
ization techniques. In contrast, the preparation of telechelic con-
jugated polymers is much more challenging and requires advanced
techniques, e.g. Kumada catalyst transfer polymerization (vide infra).
The active units in conjugated polymers strongly influence each
other leading to broad oxidation or reduction ranges and much
higher charge carrier mobilities compared to redox-active
polymers. Commonly applied electrochemically active units
comprise, for example, triarylamines, carbazoles, fluorenes,
thiophene, naphthalene diimides or fullerenes.
At the beginning of this contribution, the most important
controlled polymerization techniques allowing for the synthesis
of different classes of electrochemically active polymers are
introduced. In particular, the preparation of telechelic polymers,
i.e. polymers with defined reactive end groups capable of further
functionalization, is of special interest for the later application in
complex architectures and represents a central point for the
discussion. After this initial introduction of the polymerization
techniques, the following sections detail the construction of
certain architectures, i.e. block copolymers, graft copolymers
or chain end decorated polymers. In this regard, synthetic
approaches based on the initially introduced techniques as well
as combinations thereof are presented. Compelling and detailed
examples demonstrate the resultant possibilities to influence the
domain sizes and morphology in devices, whereas enumerated
reports illustrate the band width of the synthetic methods.
To avoid misunderstandings of often used and recurring
terms in this review, they will be shortly defined and the
meaning of symbols will be shortly explained in the following
paragraph. The term architecture refers to macromolecules
based on covalent bonds which comprise more than one segment,
e.g. block or comb copolymers as well as polymers decorated with
a terminal functional unit. In this regard a functional unit or a
functional building block is a molecule which fulfills a certain
task in the final architecture, e.g. light absorption by metal
complexes or charge accumulation by fullerene units. In contrast,
a functional group or a reactive group is applied in modification
reactions and has no particular task in the end product.
Fig. 1 Classification of electrochemically active polymers based on the
mechanism of charge transport.
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A telechelic polymer features well-defined functional end groups
which originate from initiators or termination reagents.27 For
completion, an overview of the symbols that are used in the schemes
and figures in the later parts of this review is given in Fig. 2.
Noteworthily, the available characterization data of the
polymers are partly very limited, in particular with respect to
yields, initiation efficiencies and necessary purification steps. If
no data are given for a tabulated polymer in this review, then to
the best of our knowledge it was not reported in the original
literature. Depending on the polymer class, the most useful
characterization data are given, e.g. initiating and end capping
efficiencies for telechelic homopolymers and grafting efficiencies
for graft copolymers.
The number average molar masses and dispersities (Mn, Ð)
of the polymers in the review are mainly based on SEC
investigations with a polystyrene calibration. Due to the appli-
cation of different instruments and solvents, a comparison of
the values is hardly possible and, moreover, in the case of stiff
polymers the deviation in the SEC molar mass and the actual
molar mass can be rather large. Nevertheless, the data provide
an overview of the level of control which is reached with the
different polymerization techniques.
2. Synthesis of functional
homopolymers
The construction of functional polymer architectures from smaller
building blocks, e.g. homopolymers, requires preparation techni-
ques leading to macromolecules with well-defined molar masses
as well as a high fidelity of reactive end groups, i.e. controlled and
‘‘living’’ polymerization procedures. In this section various poly-
merization techniques fulfilling these criteria are shortly presented
and essential characteristics will be discussed with respect to
electrochemically active polymers as the basis for subsequent
applications in extended architectures.
2.1. Redox-active polymers by controlled radical
polymerization (CRP) techniques
The established controlled radical polymerization (CRP) tech-
niques, e.g. nitroxide mediated polymerization (NMP), atom
transfer radical polymerization (ATRP) or reversible addition-
fragmentation chain transfer (RAFT) polymerization, are suitable
for the preparation of functional homopolymers bearing redox-
active units in the side chain. The advantages and limitations
regarding commercially available monomers and initiators,
functional group tolerance or end functionalization of the
individual methods are extensively described in the respective
literature references28–32 and will not be discussed here in detail.
Instead, relevant examples to prepare functional redox-active
homopolymers which are capable of further functionalization
reactions as building blocks will be presented in this section.
The utilization of the respective polymers in larger systems, e.g.
in block copolymers or chain end functionalization with func-
tional units, will be discussed in the later sections (vide infra).
Nitroxide-mediated polymerization is based on a thermally-
balanced equilibrium between an active radical and an inactive
dormant species (nitroxide)33 (Scheme 1) and is predestinated
for the polymerization of styrene and MMA based monomers,
e.g. triaryl amine (TARA)34–37 derivatives or perylene diimides
(PDIs).35 Due to the commercial availability of (functional)
initiators and the easy procedure, a screening of the influence
of various substituents on the electrochemical properties and
charge carrier mobility can be readily conducted.34,35 Typically
reached number average molar masses range from 3000 to
40000 g mol1 and in general the dispersity increases with the
molar mass, i.e. small homopolymers with a dispersity ÐE 1.1034
and large block or homopolymers with ÐE 1.40 to 1.9734–37 were
reported. In addition, a large variety of functional initiators can
be easily prepared by coupling with (2,2,6,6-tetramethyl-
piperidin-1-yl)oxyl (TEMPO) or 1,1-dimethylethyl-2-methyl-1-
phenylpropyl nitroxide (TIPNO) or a commercially available
one can be used to introduce functional units into the
Fig. 2 Symbols used in schemes and figures and their meaning.
Scheme 1 Simplified polymerization mechanism of the nitroxide-mediated polymerization based on a thermal equilibrium between active and dormant
species.
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polymer.28,31,38 Selected examples of functional initiators are
listed in Table 1.
Atom transfer radical polymerization (ATRP) is also based
on the equilibrium between a dormant and an active species.
The activation occurs by a metal catalyst in a one electron
transfer process (Scheme 2).45 Major advantages are commer-
cially available cheap initiators (alkyl halides), catalysts (copper
complexes) and ligands (pyridine based). In addition, the functio-
nalization of surfaces, e.g. silicon, with redox-active polymers can be
readily achieved by the attachment of initiators in a self-assembling
monolayer and subsequent polymerization.46 Nevertheless, the
polymerization of coordinating monomers, e.g. pyridine or metal
complex based monomers, is precluded due to interactions with
the metal catalyst and requires the utilization of ‘‘protected’’
monomers which can be transferred in the desired species by
polymer analogous reactions. This approach was used by Fang et al.
to prepare ruthenium polypyridyl decorated polystyrene by amide
coupling.47 Although high conversions were reached (E90% based
on NMR data), it is not possible to construct defect-free materials
by this method. In addition, traces of remaining metal catalysts in
the final product may limit the applications in (opto)electronics.
The most applied CRP technique is the reversible addition-
fragmentation chain transfer (RAFT) polymerization due to the
mild reaction conditions, high reaction rates and wide range of
suitable monomers.48–50 The controlled character of the polymer-
ization relies on fast reversible chain transfer steps involving
chain transfer agents, e.g. dithioesters, thiocarbamates and
xanthates, so that the propagation rate of all chains is equal.
Partly these RAFT agents are commercially available. A simplified
mechanism is depicted in Scheme 3 and illustrates primary
initiation, propagation and pre equilibration steps as well as the
dominating main equilibrium step.
The diversity of polymerizable monomers is illustrated by
the feasibility to directly incorporate metal complexes or dyes
into polymers.51–53 Furthermore, the well-defined end groups
of RAFT polymers can be utilized by further functionalization
reactions. A prominent example is the cleavage of dithioesters
to generate a polymer decorated with a thiol group at the o-end.
The conversion of the modification can be quantified by UV/vis
analysis (disappearance of the CQS band at 310 nm) or
1H NMR spectroscopy.54 Subsequently the thiol can be applied
in a thiol–ene click reaction49 or can be directly used for the
attachment to gold surfaces.54 The modification of the a-chain
terminus is also possible by application of reactive RAFT
agents, i.e. reactive esters with pentafluorophenyl groups can
be readily modified with amines. In this way, the group of
Zentel introduced photocleavable anchor groups into TARA
polymers to stabilize nanoparticles55 and further prepared
disulfide bearing carbazole based polymers to result in hybrid
materials with quantum dots.56 The RAFT agent enabled the
preparation of polymers with dispersities in the range of 1.1
to 1.2 and molar masses from 5000 to 12 000 g mol1.
Table 1 Schematic representation of selected functional NMP initiators and comments
Entry Structure Comment Ref. Entry Structure Comment Ref.
1 Commercially available 34 and 37 3 Suitable for CuAAC 41
Substitution of Cl with N3
after polymerization
39 and 40
2 Commercially available 42 4
Suitable for cross couplings or
activation with Mg (see KCTP)
38, 43 and 44
Scheme 2 Simplified polymerization mechanism of the atom transfer radical polymerization based on equilibrium between active and dormant species
catalyzed by a one electron transfer process.
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The quantitative substitution of the pentafluorophenyl group
was verified by 19F NMR spectroscopy. Moreover, surface-
initiated approaches enable the construction of electroactive
films.57 RAFT polymerization (as well as the NMP process) is
also the method of choice for the preparation of methacrylate
based liquid crystalline polymers with discotic side groups for
hierarchical self-assembled materials.58,59
For completeness, also other CRP techniques, e.g. iniferter
polymerization,60 can be suitable to prepare functional redox-
active polymers but are much less frequently utilized.
2.2. Redox-active and conjugated polymers by anionic
polymerization techniques
Anionic polymerization enables a truly living reaction process
in case of absent termination reactions. In addition the chain
end functionalization is readily achieved by the addition of end
capping agents to quench the reactive species, e.g. by the
addition of ethylene oxide.61,62 The method requires a very
high purity of the used chemicals and solvents to avoid
termination reactions; as a consequence, it is less frequently
used in comparison to CRP to prepare polymers for optoelectro-
nics. However, a few interesting synthetic examples including
chain end functionalization with fullerenes63 are reported for
triarylamine derivatives leading to polymers with number average
molar masses from 2000 to 20000 g mol1 and dispersities from
1.05 to 1.2 according to SEC investigations.63,64 Moreover,
Higashihara and Mitsuru described the precise synthesis of
block copolymers utilizing bifunctional initiators or functional
coupling reagents, i.e. modified poly(3-hexylthiophene).65 The
preparation of block copolymers by sequential monomer addi-
tion of styrene or MMA as a second block gave very high
conversions (499%), low Ð values (1.04–1.07) and high molar
masses (25 000–39 000 g mol1) without further purification.
In contrast, end capping with modified bifunctional poly-
(3-hexylthiophene) required the removal of residual homopolymer
by Soxhlet extraction to yield a product with high molar mass
(26000 g mol1) and low dispersity (Ð = 1.15).
Conjugated polymers can also be prepared by anionic poly-
merization and subsequent elimination reactions. In this way
Natori et al. synthesized a conjugated polymer consisting of
p-phenylene, p-phenylenevinylene and styrylamine structures
by copolymerization of cyclohexadiene and a styrenic triaryl-
amine (Scheme 4).66 Whereas the polymerization yield ranged
Scheme 3 Simplified mechanism of RAFT polymerization including fast and reversible chain transfer as a source of the controlled reaction process. I is
initiator; the Z group, e.g. Ph, influences the stability of the CQS bond.
Scheme 4 Anionic polymerization and subsequent dehydrogenation lead-
ing to semiconducting polymers with p-phenylene, p-phenylenevinylene
and styrylamine substructures (adapted from ref. 66).
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from 76% to 98% depending on the ratio of the monomers, the
final dehydrogenation was apparently quantitative (based on
1H NMR data) and yielded the conjugated polymers. Interest-
ingly, this approach avoids the partly complicated introduction
of functional groups necessary for the preparation of the
respective polymers by cross coupling reactions.
Moreover, the group of Vanderzande reported the prepara-
tion of PPV polymers by the so-called sulfinyl precursor route
(Scheme 5).67 In this approach a p-quinodimethane derivative is
used as a monomer and the obtained non-conjugated polymer is
transformed into PPV by thermal elimination (Scheme 5). The
reaction is very fast and an almost quantitative conversion of
the monomer is reached within seconds. Although the reported
dispersities are high for a controlled process (Ð4 1.7), the molar
mass can be controlled by the amount of added initiator and
varied from 4000 to 20000 g mol1. Noteworthily, this technique
yields polymers with high end group fidelity and functional
groups may be introduced with the initiator.67
2.3. Redox-active and conjugated polymers by ring opening
metathesis polymerization (ROMP) approaches
The ring opening metathesis polymerization of cyclic alkenes
(Scheme 6) offers high functional group tolerance and, therefore,
enables the application of sensitive monomers, e.g. fullerene or
radical containing compounds (Fig. 3).68–75 The reaction is most
commonly catalyzed by Grubbs catalysts, i.e. ruthenium
complexes, and enables end functionalization as well as the
preparation of block copolymers. In general, high conversions
are reached in less than one hour due to the high reaction rate
and dispersities smaller than 1.10 could be observed.72,74,75
Depending on the kind of monomer, either conjugated or
redox-active polymers may be synthesized.
Due to their established preparation methods and easy
functionalization, norbornene derivatives (Scheme 6) are of
special interest for the preparation of redox-active polymers.
In particular, they exclusively allow direct polymerization of
fullerene derivatives. The conformational freedom of the full-
erene in the side chain is adjusted by the utilized linker between
the backbone and fullerene, and examples applying long flexible
linkers as well as rigid monomers can be found.68–71 Typically,
molar masses between 6500 and 17000 g mol1 were reached.
Due to intensive optimization of the polymerization conditions by
Kim et al.,70 the dispersity of a dendritic polymer was improved
(Ð = 1.08) and the fullerene density was significantly increased in
comparison to other fullerene containing polymers, which feature
a much broader molar mass distribution (Ð 4 1.8).71,73
As mentioned in the beginning of this section, ROMP is also
a powerful technique to synthesize telechelic conjugated polymers,
i.e. PPVs.76 Suitable monomers leading to PPV derivatives include
[2.2]paracyclophanes,77–83 [2.2.2]paracyclophanes84,85 or derived
compounds86 (Scheme 7). The synthesis of [2.2]paracyclophanes
succeeds through a multi-step reaction involving a nucleophilic
ring closing reaction of benzylic dithiols and benzylic dibromides
as the first step. The obtained [3.3]dithiacyclophanes are trans-
ferred into the monomers by either Stevens or Pummerer
rearrangement and subsequent reactions.78,87 In contrast,
[2.2.2]paracyclophanes can be prepared from a phenylene–
ethynylene backbone by a ring-closing intramolecular McMurry
reaction as the last step.84 The kind of monomer dictates the
substitution pattern of the later (co)polymer which is depicted
in Fig. 4. Noteworthily, the polymers are obtained as a cis/trans
mixture after the reaction but isomerization to the all trans
isomer is achieved by exposure to UV light in solution. The
ROMP process follows the characteristics of a living polymer-
ization so that the preparation of block copolymers88,89
(vide infra) or an end functionalization77,83,90 is readily possible.
Typically, molar masses between 5000 and 60 000 g mol1 and
dispersities Ð E 1.2–1.4 are reached for [2.2]paracyclophanes
combined with high monomer conversion (490%). In contrast,
[2.2.2]paracyclophanes and related thiophene derivatives
yield polymers with higher dispersities (Ð = 1.4 to 1.9) and
the monomer conversion is lower.84–86 End functionalization
or termination reagents are commonly based on substituted
alkenes, e.g. functional vinyl ether derivatives. Remarkable func-
tionalization examples include supramolecular recognition
units, which were prepared by Elacqua and Weck to fabricate
supramolecular polymers,77 or a-bromo esters as macroinitiators
for ATRP as prepared by Lidster et al.83,90 The end functionaliza-
tion efficiency was calculated to be above 90%.
Besides PPVs, also polyacetylenes can be prepared by ROMP
utilizing cyclooctatetraene as the monomer. In this regard the
Scheme 5 Anionic polymerization using the sulfinyl precursor route
leading to PPV after thermal treatment (adapted from ref. 67).
Scheme 6 Schematic representation of the general ROMP polymeriza-
tion process of norbornene derivatives. R1 and R2 represent moieties to
attach functional units (see Fig. 3).
Review Article Chem Soc Rev
P
u
b
li
sh
ed
 o
n
 1
1
 A
p
ri
l 
2
0
1
7
. 
D
o
w
n
lo
ad
ed
 b
y
 T
h
u
er
in
g
er
 U
n
iv
er
si
ta
ts
 L
an
d
es
b
ib
li
o
th
ek
 J
en
a 
o
n
 2
3
/0
5
/2
0
1
7
 0
8
:2
6
:3
6
. 
View Article Online
2760 | Chem. Soc. Rev., 2017, 46, 2754--2798 This journal is©The Royal Society of Chemistry 2017
group of Choi demonstrated the potential of the in situ
formation of nanoparticles consisting of polyacetylene copoly-
mers. Polyacetylene is almost insoluble in all common solvents
and directly leads to self-assembly of the copolymer during the
synthesis due to the collapsing of the PA segment.91,92 Moreover,
poly(o-phenylene ethynylene)s are also accessible by the ROMP
of strained cyclic alkynes.93 Interestingly, the structure of the
respective macromolecules, i.e. cyclic or linear, was shown to be
dependent on the catalyst used.93
For the sake of completeness it should be mentioned that
also acyclic diene metathesis polymerization can yield redox-
active polymers as shown by Song et al.94
Fig. 3 Schematic representation of norbornene based monomers containing redox- or photoactive monomer units commonly used for the preparation
of homopolymers.
Scheme 7 Schematic representation of the simplified synthesis leading to [2.2]paracyclophanes78 and [2.2.2]paracyclophanes.84
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2.4. Conjugated polymers by catalyst transfer
polycondensation (CTP) techniques
The classical approaches to prepare a multitude of conjugated
polymers are step-growth based polymerization procedures
leading to polymers with a broad molar mass distribution
and low end group fidelity. In the beginning of the 2000s the
development of the Grignard metathesis (GRIM) and/or
Kumada catalyst transfer polymerization (KCTP) of thiophenes
by McCullough and Yokozawa represented a significant
advancement due to its living character and the associated
novel synthetic possibilities, i.e. the preparation of (co)polymers
with defined functional end groups and a narrow molar mass
distribution.39,95–102 A detailed overview of the mechanism of this
chain growth polymerization process and the scope of monomers,
which nowadays cover more than thiophenes, is found in recent
reviews detailing the Kumada catalyst transfer polymerization.103–108
In the following only a short introduction with a focus on the end
functionalization possibilities will be provided.
Telechelic polymers may either be prepared by the application
of functional initiators,100,102,109–115 in situ end capping
reagents97,99,109,116–118 or a post polymerization approach.101,119,120
An overview of various functional initiators and introduced end
groups is given in Tables 2 and 3. The efficiency of the initiation or
end functionalization, i.e. the amount of the desired end groups in
the product, is also given in the tables. Noteworthily, the end
functionalization using Grignard reagents with triple or double
bonds partly leads to difunctionalized polymers (Table 3). In
addition, the living character also facilitates the polymer linkage
to surfaces or nanoparticles by grafting from a surface with
incorporated starting units121 or attachment of the polymers via
functional end groups.101,119
Besides magnesium, zinc is also a suitable metal for the
activation of the monomers and subsequent polymerization, in
particular for thiophene or related perylene and naphthalene
diimide derivatives.122–124,125 In line with the classical KCTP
approach various (functionalized) nickel102,126,127 or palladium
catalysts128–130 represent suitable initiators. Palladium catalysts
are in general more stable but increase the tendency for a break
of the catalyst/polymer p complex especially with monomers
different from thiophene.130 Nevertheless a remarkable protocol,
which did not rely on the p complexation of the metal catalyst for
polymerization control, was developed by Verswyvel et al.129 The
reported catalyst system using Pd/Ruphos and monomers which
are deactivated for oxidative addition resulted in a controlled
polymerization process.129
The activation with zinc further enables the application
of monomers with alkyl halide moieties without any side
reactions, so that these functionalities are available for sub-
sequent post polymerization reactions (see Section ‘‘Graft and
comb polymers’’).131
A major challenge of the GRIM approach utilizing zinc or
magnesium is the required base stability of the monomer and
the necessity of an almost quantitative metal/halogen exchange
to preclude side and termination reactions. In order to expand
the field of accessible polymers the catalyst transfer approach
was transferred to various metal catalyzed cross coupling poly-
merization procedures in the past few years.103 Today, Suzuki,
Heck or Sonogashira cross coupling polymerizations can also
be carried out under mild conditions in a nearly ideal chain
growth mechanism. As an advantage of these CTP techniques
in contrast to Kumada CTP, the required substituted AB
monomers are prepared separately, i.e. they can be purified,
isolated and stored. The investigated suitable monomers
for Suzuki CTP include fluorene,132 para-phenylene,133 or
thiophenes.134,135 Noteworthily, also the polymerization of
para-phenylenevinylene,136 phenanthrene137 or pyridine138
was studied but an ideal chain growth mechanism was not
found as an intermolecular catalyst transfer or side reactions, e.g.
disproportionation or dehalogenation, occurred. End functionaliza-
tion of the respective polymers can be realized using functional Pd
catalysts132,133,135–146 (Tables 4 and 5) or functional end capping
reagents, i.e. substituted boronic acids or esters (Table 6).140,141,144,145
Deviations from the ideal chain growth mechanism decrease the
initiation efficiency of the externally prepared functional initiators,
e.g. in the case of para-phenylenevinylene instead of thiophene as
the monomer (Table 4, entry 2) or at very high conversions (typically
conversionsE 50% were aimed for).136,140 In contrast to the usual
reported synthetic routine applying the externally prepared initiators
(Table 4), Zhang et al. synthesized a broad range of polymers utilizing
functional catalysts which were in situ generated from a catalyst
precursor and an aryl halide and result in a high fidelity of the
Fig. 4 Reported substitution pattern of PPVs depending on the monomer used to influence the properties of the polymers.
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desired end group (Table 5).142–144,146 The application of end capping
reagents is also an appropriate way to introduce functional end
groups in good yields (Table 6). The ability to prepare bi-telechelic
polymers is impressively documented by Elmalem et al., who
synthesized a library of heterobisfunctionalized polyfluorenes.140
The transfer of the CTP approach to the Sonogashira cross
coupling route gives access to poly(p-phenyleneethynylene)s which
are interesting materials due to their rigid structure.147 The respec-
tive synthesis including kinetic studies to reveal the ideal chain
growthmechanism was documented by Kang et al.147 Similar to the
Suzuki polymerization, end functionalization or attachment on
surfaces is also feasible by functionalized initiators.147 Recently,
efforts were undertaken to perform Heck coupling in a catalyst
transfer fashion to prepare PPVs in a straight-forward approach.148
Noteworthily, the atom economy of the described synthetic
routes is unsatisfactory for preparation on large scales, e.g.
the mass loss during the polymerization of 2,5-dibromo-3-
hexylthiophene is 49%. Therefore strategies using direct arylation
are currently being extensively studied.14,149–157 A comprehensive
review of direct (hetero)arylation polymerization covering current
developments as well as challenges and limitations was recently
published by the group of Leclerc.158
Table 2 Schematic representation of functional initiators for KCTPa
Entry Structure Efficiencyb Ref. Entry Structure Efficiencyb Ref.
1 Quant. 109 8 95% 100 and 111
2 n.d. 100 and 112 9 90% 100
3 80–95% 100 and 113 10 Quant. 102
4 Quant. 110 11 450% 102
5 n.d. 102 12 Quant. 102
6 Quant. 114 13 Quant. 113
7 Main product 110
a PS = polystyrene, PG = protecting group, TBS = tert-butyldimethylsilyl, TMS = trimethylsilyl, n.d. = not determined, dppe = 1,2-bis-
(diphenylphosphino)ethane, dppp = 1,3-Bis(diphenylphosphino)propane. b Based on the amount of initiator groups found in the final product
(when mentioned) by MALDI-TOF MS.
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3. Block copolymers
Block copolymers allow the linear combination of two or more
different monomer units in distinct sections of a macromolecule
to create new materials with tailored properties, e.g. electron and
hole transporting as well as hydrophilic and hydrophobic blocks
can be incorporated into one polymer chain. Thus the electro-
chemical as well as the physical properties can be precisely tuned,
e.g. to control the morphology and self-assembly properties of
the materials.24,159,160 In the context of organic solar cells,
especially, improved stability of the device morphology and
reduced sintering161 is expected from the application of block
copolymers. Based on their behavior in solution, polymers are
differentiated either as coil or as rod polymers. Whereas coil
polymers are characterized by a flexible backbone, rod poly-
mers are rigid as a result of a restricted conformational free-
dom. Due to the different structures of these polymers, the
combination of the two types in a block copolymer represents a
promising and often used approach to control the microphase
separation (vide infra).
In general four methods for the synthesis of block copolymers
can be distinguished, which are depicted in Scheme 8.160,162 In
the case of a living polymerization, e.g. anionic polymerization or
ROMP, block copolymers are prepared by sequential monomer
addition, i.e. the polymerization is started with one monomer
and after full consumption a secondmonomer is added and so on.
Table 3 Schematic representation of reported end groups introduced by in situ end capping (entries 1 to 9) or postpolymerization modification (entries
10 to 14)
Entry Structure Efficiencya Ref. Entry Structure Efficiencya Ref.
1 91% 97 and 99 8 Mainly di-capped 97
2 86% + 14%b 97, 99 and 109 9 12% + 75%b 97 and 99
3 86% 97 and 99 10 95% 101
4 24% + 76%b 97 and 99 11 95% 101
5 20% + 80%b 97 and 118 12 Quant. 116
6 20% + 80b 97 and 99 13 Quant. 117
7 Mainly mono-capped 97 14 n.d. 120
a Based on the amount of end groups found in the final product (when mentioned) by MALDI-TOF MS. b End capping at both chain ends.
Table 4 Schematic representation of externally prepared initiators for Suzuki coupling polymerization
Entry Catalyst Efficiencya Ref. Entry Catalyst Efficiencya Ref.
1 Quant. 132 6 Quant. 145
2 o50%b 136 7 Quant. 145
3 Quant. 141 8 495% 140
4 Quant. 141 9 495% 140
5 495% 140 10 495% 140
a Based on the amount of end groups found in the final product (when mentioned) by MALDI-TOF MS. b Also di-capped product observed due to
chain couplings.
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Consequently the polymerization is carried out in a facile
one pot procedure and isolation and purification of the primarily
formed homopolymer is not possible but also generally not
necessary. Very precise control of the final structure is achieved.
A successful synthesis, however, requires an efficient crossover
reaction, the addition of the monomers in the right order of
reactivity and possibly tuning of the reactivity of the propagating
chain by additives.162,163 The synthesis of block copolymers by
CRP or similar techniques cannot be accomplished by sequential
monomer addition due to the emergence of termination reac-
tions at high monomer conversions. As a consequence, the
second strategy leading to block copolymers is based on the
Table 5 Schematic representation of aryl halides applied for the in situ generation of functional catalysts by Zhang et al.142–144,146
Entry Compound Efficiencya Ref. Entry Compound Efficiencya Ref. Entry Compound Efficiencya Ref.
1 Quant. 143 and 146 8 n.d. 143 15 Quant. 142
2 Quant. 142 and 143 9 n.d. 143 16 90–99% 144
3 Quant. 142 and 143 10 n.d. 146 17 Quant.b 144
4 Quant. 144 and 146 11 Quant. 142 and 146 18 Quant. 142
5 Quant. 142 and 143 12 Quant. 142 and 146 19 Quant. 142
6 Quant. 143 and 146 13 n.d. 143 20 Quant. 142
7 Quant. 143 14 n.d. 143 21 Quant. 142
a Based on the amount of end groups found in the final product (when mentioned) by MALDI-TOF MS. b Quantitative initiation but partly cleavage
to alcohol during isolation and/or ionization.
Table 6 Schematic representation of reported end capping reagents – applied as boronic acids/esters – for the Suzuki CTP. The dashed line indicates
the bond to the respective polymer
Entry Structure Efficiencya Ref. Entry Structure Efficiencya Ref.
1 99% 144 7 Quant. 140
2 Quant. 140 8 Quant. 140
3 99% 144 9 Quant. 140
4 99% 144 10 99% 144
5 Quant. 140 11 Quant. 140
6 95% 145 12 85% 141
a Based on the amount of end groups found in the final product (when mentioned) by MALDI-TOF MS.
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use of macroinitiators or macro-RAFT agents. In the first step, a
homopolymer still bearing the initiating group (or RAFT group)
is synthesized. After purification, i.e. the removal of unreacted
monomers, the compound may be used to initiate the polymer-
ization of the second monomer. In contrast to the sequential
monomer addition, this technique enables a modular approach
as the macroinitiator can be utilized for varying block copolymers.
In a similar way bifunctional initiators capable of initiating two or
more different polymerization processes may be applied to con-
struct macroinitiators and, subsequently, block copolymers. This
coupling of polymerization strategies is of special interest as a
wide scope of monomers and in principle all possible polymeriza-
tion techniques may be combined. The last common approach
leading to block copolymers is the coupling of telechelic polymer
chains. The required end groups are introduced by functional
initiators, end cappers or postpolymerization reactions (see
Section ‘‘Synthesis of functional homopolymers’’). In order to
achieve high conversion during coupling, very efficient reac-
tions, e.g. the copper(I)-catalyzed azide–alkyne cycloaddition
(CuAAC) reaction, are required. In the case of incomplete
conversion, separation of the block and homopolymers may
be challenging. Nevertheless the coupling of polymer chains is
beneficial with respect to a modular synthetic approach.
3.1. Block copolymers by CRP and anionic polymerization
Controlled radical polymerization techniques are well suited
for the synthesis of block copolymers due to the high fidelity of
the reactive end groups (see Section ‘‘Synthesis of functional
homopolymers’’). For this purpose, at first a homopolymer is
synthesized and is then utilized as a macroinitiator (NMP and
ATRP) or as a macro-RAFT agent (RAFT polymerization) to
prepare the block copolymer. Ideally the so obtained block
copolymer can also be further used for the synthesis of triblock
terpolymers and so on.
In the simplest case, one block of the copolymer is electro-
chemically active, e.g. poly(N-vinyl carbazole) or poly(vinyl-m-
triphenylamine), and the second one is only used to control
the self-assembly properties of the material, e.g. poly(N-vinyl
pyrrolidone) or PMMA.164,165 An interesting example for the
preparation of block copolymers in which the second block
fulfills an additional task is reported by the group of Zentel. The
authors prepared copolymers which contained triarylamine deriva-
tives in the first and pentafluorophenyl acrylate in the second block
(Scheme 9).166–169 The activated ester of the second block is readily
substituted so that anchor groups for the attachment of the polymer
on quantum dots,168 nanorods166 or tetrapods167 can be introduced
(Fig. 5). Moreover, the approach is applicable for decoration
with photosensitizers or dye molecules, which can be used for
the construction of donor–photosensitizer–acceptor (D–P–A)
nanocomposites (Fig. 5).166,169 Whereas bulky units are not
quantitatively linked to the polymer backbone due to steric
hindrance, small molecules result in a quantitative conversion
as judged from 19F NMR spectroscopy. For example, Zorn et al.
achieved 30% conversion of the ester with a perylene diimide
and full conversion with dopamine.166
In a similar approach, Brendel et al. exploited the possibility
to selectively modify one block of a copolymer to construct
amphiphilic block copolymers consisting of a triarylamine and
Scheme 8 Main synthetic approaches leading to block copolymers.
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a hydrophilic polystyrene sulfonate block.170 Interestingly, a
small part of the macro-RAFT agent was inactive, so that a
separation of the desired block copolymer and the residual
macro RAFT agent by preparative SEC was necessary and
resulted in a narrow molar mass distribution with Ð = 1.08
(before purification Ð E 1.3). This material gave micelles in
aqueous solution which were decorated with nanorods leading
to nanocomposites.170 Due to the application of water as a
solvent, this approach displays a promising ‘‘green’’ alternative
for the construction of hybrid solar cells with controlled
domain sizes.170
Besides these examples comprising copolymers with one
block, which is not electrochemically active, also block copolymers
with two active blocks are reported in the literature. For instance,
the incorporation of monomers with varying redox potentials
yields block copolymers with an internal redox gradient for
directed charge transport.34,171 In this regard, Schroot et al.
reported the preparation of triarylamine block copolymers with
number average molar masses between 25000 and 39000 g mol1
and low dispersities (Ð = 1.20 to 1.42) using standard NMP
conditions.34 In contrast RAFT polymerization to yield block
copolymers of triarylamine derivatives required an intensive
optimization to achieve a significant increase in the molar mass
and low dispersities (Ð o 1.60).171 Moreover, donor–acceptor
block copolymers are readily prepared by CRP, e.g. NMP.172,173
The combination of amorphous triphenylamine and perylene
bisimide, which is capable of p–p stacking due to a flexible
linker, produced nanostructured materials leading to higher
yields of long-lived free charges in comparison to blends of the
homopolymers.172,173
The anionic polymerization is predestinated for the synthesis
of block copolymers by sequential monomer addition. Due to the
absence of termination reactions in the ideal case, it is possible
to achieve the full consumption of a monomer and afterwards
add a second monomer to obtain a second block.174,175 In this
regard, a comprehensive example is given by Kang et al. by the
synthesis of triphenylamine and ethynylpyridine containing
copolymers.176,177 In their work the influence of the cation on
polymerization is described and strategies to tune the reactivity
of the active species are presented. After optimization of the
reaction conditions, block copolymers with narrow molar mass
distributions (Ð = 1.10 to 1.15) and molar masses between
8000 and 20 000 g mol1 were observed under full conversion.
Noteworthily, the application of potassium naphthalenide
also allowed for the synthesis of BAB triblock copolymers
(Scheme 10).176,178
The preparation of PPV and PA containing block copolymers
by sequential monomer addition utilizing the sulfinyl precursor
route is reported by Cosemans et al.179 However, besides block
copolymer formation, the authors also observed a homopolymer
at the end of the reaction which made a purification step by
preparative SEC necessary.179 In addition, so far no other second
block could be introduced, e.g. styrene did not lead to a polymer.
3.2. Block copolymers by ROMP
Ring-opening metathesis polymerization, similar to anionic
polymerization, is a living process and therefore well suited
for the preparation of block copolymers by sequential monomer
addition. In particular the wide scope of cyclic monomers
Scheme 9 Schematic representation of the preparation of triarylamine based block copolymers with a reactive pentafluorophenyl acrylate block by
RAFT polymerization.166–169
Fig. 5 Schematic representation of reported substitution reactions of
pentafluorophenyl acrylate used to introduce metal complexes, anchor
groups or dyes into the respective block copolymers.166–169
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enables a multiplicity of different structures and will be
presented in the following section.
A facile approach to prepare block copolymers by ROMP is
the use of substituted norbornenes180,181 or related compounds,
e.g. tricyclo[4.2.2.02,5]deca-3,7-diene derivatives,182 with varying
substituents. For instance, Gu et al. synthesized polyelectrolytic
copolymers containing blocks with different metallocene deriva-
tives with low dispersities (Ð = 1.07) with quantitative conversion
of each monomer.180,181,183
In a similar approach, the incorporation of porphyrin and
fullerene moieties was achieved by Charvet et al. (Fig. 6).182 The
obtained photoconductive films featured nanowire-like self-
assembly with well segregated domains which were tailorable
by the size of the block copolymer.
The synthesis of PPV block copolymers with various sub-
stitution and linking patterns is reported by Yu et al.88,89 The
sequential monomer addition of strained cyclophanedienes
allowed the incorporation of 1,4-phenylenevinylene and
1,3-phenylenevinylene repeating units. Due to the different
structures of the blocks, phase separation was observed and,
moreover, energy transfer between the blocks could also be
observed by photoluminescence measurements.89 The variation
of the cyclophane building block, i.e. by introduction of
cyclopentadithiophene-vinylene or dithienobenzothiadiazole-
vinylene moieties as underlying units, was used to construct
donor–acceptor block copolymers as shown by Chang and
Masaki (Scheme 11).184 The observed dispersities (Ð = 1.51 to
1.85) are higher than for PPVs by the ROMP of cyclophanedienes
(Ð = 1.2 to 1.5).184 However, by the variation of the monomer
units, various backbone structures can potentially be realized in
order to tune the HOMO–LUMO levels or the UV/vis absorptivity.
The so far presented examples utilized monomers, which were,
respectively, based on the same chemical structure to construct
block copolymers. However, it is also possible to synthesize block
copolymers by ROMP consisting of structurally different mono-
mer units. In this regard the group of Choi reported the synthesis
of polynorbornene-b-polyacetylene by sequential monomer addi-
tion and the in situ nanoparticlization of the conjugated polymer
leading to the formation of nanocaterpillars.92 Based on the large
reactivity differences of the monomers, the authors additionally
developed a one-step preparation method leading to block-like
copolymers.91 A further compelling example is given by Menk
et al. by the synthesis of block copolymers containing PPVs and
polynorbornenes.185 At first, the polymerization of norbornene
derivatives was initiated with a Grubbs catalyst and after con-
sumption of the first monomer, a substituted paracyclophane-
diene was added to form the second block of the polymer with
narrow molar mass distribution (Ð = 1.29, 17000 g mol1). This
example is of special interest as various substituents, e.g. PEG
chains or reactive esters, were introduced in the non-conjugated
block and enabled self-assembly into micelles as well as post-
polymerization modification to introduce anchor groups for
attachment to quantum dots.185 Therefore the combination of
various strategies to design macromolecular hierarchical architec-
tures is appealingly demonstrated.
3.3. Block copolymers by CTP
Various ‘‘classical approaches’’, i.e. step growth polymerization
techniques, can be utilized to prepare block copolymers. For
example, the synthesis of PPV derivatives by Horner–Emmons
coupling leading to multiblock copolymers186 and the Hartwig–
Buchwald coupling to prepare donor–acceptor triblock co-
polymers187,188 should be mentioned in this context. However,
the control over the molar mass distribution and the degree of
polymerization is limited by these techniques.
Scheme 10 Schematic representation of anionic polymerization using potassium naphthalenide as an initiator leading to BAB triblock copolymers.176,178
Fig. 6 Schematic representation of tricyclo[4.2.2.02,5]deca-3,7-diene
based monomers for the preparation of donor–acceptor block copolymers
by sequential monomer addition.182
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In contrast, the Kumada catalyst transfer polymerization and
related CTP protocols allow the preparation of well-defined block
copolymers by sequential monomer addition.189–222 An overview
of various synthesized polymers, molar masses and dispersities
is provided in Table 7. Noteworthily, the conversion of the
individual monomers is in general higher than 90% but the
yields of the final polymer (when given in the report) are
normally lower due to losses upon purification, e.g. by extraction.
Scheme 11 Schematic representation of donor–acceptor block copolymer synthesis using ROMP and the sequential monomer addition technique.184
Table 7 Schematic representation of block polymers prepared by CTP protocols utilizing the sequential monomer addition method
Entry Polymer
Mn
a [kg mol1]
Ref. Entry Polymer
Mn
a [kg mol1]
Ref.Ð Ð
1 4–22 189–191 14 5–26 192–194
1.10–1.69 1.10–1.40
2 8–13 195 and 196 15 26–82 197
1.70 1.11–1.32
3
9–10
198 16
8–17
1991.29–1.49 1.40–1.70
4 8–10 198 17 16 200
1.10–1.18 1.15
5 11 201 18 8–46 202 and 203
1.07 1.24–1.30
6
12–35
204 19
7b
2051.13–1.20 1.45
7
10–18
206–209 20
6–31
2101.10–1.73 1.3–3.3
8
37
1.6
211 21
11–18
1.31–1.6
212
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Moreover, initiation with an externally prepared initiator (vide supra)
should be preferred to preclude B–A–B triblock formation which can
occur in particular in small blocks or in the case of a second
monomer with a less electron-rich character (weaker complexing
ability of the Ni catalyst).205However, this issue is rarely investigated
or commented on in publications. Block copolymers consisting of
different substituted thiophene units were reported and can be used
to achieve self-assembly into nanowires (entry 1),189 to introduce
functionalized side chains (entry 4)198 or to tune the energy levels
in a donor–donor block copolymer for application in solar cells
(entry 2).195 Furthermore, functional side chains are attractive to
attach additional functional units (covalent or supramolecular), e.g.
fullerene derivatives (entries 5, 8 and 9).201,211,213 Besides thiophene,
also derived monomers, e.g. selenothiophene, were applied in block
copolymers. In this regard, Palermo and McNeil investigated the
influence of the copolymer structure, i.e. random, block or gradient,
on polythiophene-b-polyselenophene (entry 13).221 In a similar
approach the group of Seferos obtained thermostable fiber-like
nanostructures for solar cell applications from polythiophene-b-
polyselenophene block copolymers.220 Other blocks which were
combined with polythiophene leading to donor–donor polymers
are poly(p-phenylene) (entry 14)192 or polyfluorene (entry 16).199
Interestingly, Verswyvel et al. prepared triblock terpolymers in all
possible orders from fluorene, thiophene and selenophene mono-
mers which were activated with zinc using a palladium catalyst
(entry 16).199 Surprisingly, the authors observed an unusual inde-
pendence of the monomer sequence in contrast to common
sequential monomer addition protocols (vide supra). Nevertheless,
the removal of residual homopolymer by extraction was hindered in
these examples.
Along with donor–donor, also donor–acceptor block copolymers
were prepared by KCT polymerization or related procedures. A first
example was presented by Seferos’ group (entry 22).214 The block
copolymer was synthesized utilizing thiophene and benzotriazole as
monomers and a Ni(II) diimine complex as a catalyst. The controlled
polymerization of electron-rich as well as electron-deficient com-
pounds is attributed to strong association of the catalyst.214 In a
similar approach, Todd et al. synthesized P3HT-b-PFBTzHT(=poly(3-
hexylthiophene)-block-poly(5,6-difluorobenzotriazole-alt-4-hexyl-
thiophene) by sequential monomer addition.212 A further example
Table 7 (continued )
Entry Polymer
Mn
a [kg mol1]
Ref. Entry Polymer
Mn
a [kg mol1]
Ref.Ð Ð
9
20
213 22
19–21
212 and 214
1.22 1.39–1.74
10 5–15 215 and 216 23 17 217
1.1–1.2 1.16
11 16 218 24 6–9 203
1.13 1.45–2.01c
12
2–3
219 25
18
202
1.38–1.58 1.31
13 18–29 220 and 221 26 49 222
1.15–1.36 3.9
a Based on SEC (data are only given, when mentioned in the report). b From 1H NMR data. c The lower dispersity value was observed with PPP as
the first block.
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discussing donor–acceptor copolymers is reported by Tkachov et al.
(entry 26).222 Due to the much faster polymerization of a fluorenic
monomer than a bis(thiopenyl)naphthalene diimide derivative, the
authors were able to obtain block-like copolymers in a one pot
procedure under simultaneous addition of the two monomers.222
The dibrominated monomers were activated with zinc or zinc
compounds and palladium was used as a metal catalyst.222
Although the reported polymerization did not yield a well-defined
block copolymer (broad dispersity), the approach represents an
important step towards a facile and rapid protocol for the prepara-
tion of conjugated donor–acceptor block copolymers.222
Besides the sequential monomer addition method, block
copolymers may also be synthesized from separately prepared
homopolymers and a final Kumada coupling step. Following
this approach Ananthakrishnan et al. reported the synthesis of
poly(3-hexylthiophene)-block-oligo(anthracene-9,10-diyl).223
Modern synthesis protocols further enable the sequential
block copolymerization of monomers by mechanistically
distinct procedures in a living fashion.224–227 Remarkable
examples include donor–acceptor copolymers consisting of
P3HT224,225,228,229 and PPE226 in one block and isocyanide
(Scheme 12A–C)224,226,227,229 or allene (Scheme 12D)225,228 deriva-
tives as well as a range of vinyl monomers225 in the other
block. The catalytic systems are based on nickel224,225,228,229 or
palladium226 and establish novel facile pathways to interesting
polymer classes. The obtained polymers featured a narrow
molar mass distribution (1.1 to 1.4), controllable molar masses
between 4000 to 31 000 g mol1 and yields up to 60–90%.
3.4. Block copolymers by coupling of polymerization
techniques
The coupling of different polymerization techniques represents
a very valuable tool to synthesize block copolymers of inten-
sively studied electrochemically active monomer units which
are not compatible with just one polymerization process. As
stated in the beginning of this section, mainly two strategies are
applied to couple polymerization techniques. Either a bi- or
multifunctional initiator is used and the block copolymer is
step-wise synthesized or two independently prepared telechelic
polymer chains are coupled together by an efficient linking
reaction, most commonly the CuAAC ‘‘Click’’ reaction. Note-
worthily, the reviewed work in the following section concen-
trates on block copolymers in which predominantly at least one
block consists of a conjugated polymer.
3.4.1 Coupling of conjugated polymers with CRP. The
covalent connection of conjugated polymers with non-conjugated
polymers, which were prepared by CRP, is either achieved by the
coupling of telechelic blocks or, more commonly, by the utilization
of macroinitiators and macro-RAFT agents. An overview of the
respective reported linking reactions and initiators is given in
Scheme 13 and Table 8. In the case of coupling of well-defined
telechelic homopolymers, the molar mass and the dispersity can
be tuned by the used individual blocks.230,231 Reported yields are
in the range of 50 to 80% and the removal of residual homo-
polymers is often achieved by extraction to exploit solubility
differences or by preparative SEC.
Scheme 12 Schematic representation of monomers and respective block
copolymers prepared with one initiator system but following mechan-
istically distinct procedures.224–229
Scheme 13 Schematic representation of reported coupling reactions involving telechelic conjugated polymers and non-conjugated polymers prepared
by CRP.232–237
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P3HT is the most often used conjugated polymer which is
combined with hydrophilic,232,233,238,239 thermoresponsive232
or manipulable liquid crystalline240,241 monomers as well as
units capable of metal coordination238,239,242 to prepare block
copolymers. In this regard, Kumari et al. synthesized P3HT-b-
PNIPAM by the CuAAC reaction in good yields (60 to 75%) and
formed thermoresponsive micelles which revealed LCST beha-
vior in water.232 A further example is introduced by the group
of Zhao by utilizing KCTP and ATRP to design block copolymers
in which the surface- and photoinduced orientation of
azobenzene mesogens was applied in order to tune the self-
assembly behavior.240 The incorporation of P4VP in block
copolymers containing P3HT is also suitable to induce micro-
phase separation.238 Moreover, acetylene terminated P3HT was
coupled with bifunctional PMA by the CuAAC reaction leading
to thermoplastic elastomers which may be useful for the
production of stretchable electronics.235 Besides these examples
utilizing telechelic homopolymers for the coupling to block
copolymers, also the application of P3HT based macroinitiators
for NMP or macro-RAFT agents for RAFT polymerization has
been reported and was utilized for the fabrication of nanofibrils
consisting of P3HT-b-PS or P3HT-b-PIP block copolymers.243
A large number of donor–acceptor copolymers consist of a
conjugated electron-rich polymer, e.g. P3HT, and non-conjugated
acceptors, e.g. fullerenes40,43,234 or liquid crystalline perylene
bisimide244–249 units. In this regard, a common synthetic
approach is the coupling of P3HT with a NMP initiator either
by in situ end capping43,244,245,247,248 or postpolymerization
modification44,246,249 leading to a macroinitiator. Naturally,
the transformation of the polymer into the macroinitiator is
not necessarily quantitative and the denoted yields range from
approximately 80%244 to quantitative conversions.44,238 Never-
theless, an incomplete functionalization is not problematic
as a purification step is necessary anyway after the synthesis
of the second block. The systems involving P3HT and perylene
bisimide revealed a tunable microphase separation and self-
assembly behavior as acrylate based perylene bisimide monomers
with a long and flexible side chain are liquid crystalline.244–249
As fullerenes are sensitive towards radicals, direct incorpora-
tion with appropriate substituted monomers is not possible,
so a monomer with a reactive functional group is primarily
incorporated into the block copolymers and the fullerene is attached
in a postpolymerization modification reaction (vide infra).40,43,234
In analogy, Yao et al. applied the ATRP procedure for the
coupling of P3HT with polymers containing reactive side groups.
Subsequently side chain decoration with a perylene bisimide was
achieved.236
Furthermore, the preparation of poly(3-hexylthiophene)-b-
poly(vinylphenyl oxadiazole) by a combination of Kumada CTP
and ATRP was reported.250
The coupling of other conjugated polymers besides P3HT
with a second block prepared by CRP is much less studied and
only very few literature examples are described.252 However, an
outstanding example is presented by the group of Zentel.252 The
authors synthesized PPV by Siegrist polycondensation and used
a comprehensive postpolymerization approach to transform theTa
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polymer into a macro-RAFT agent, which was used to polymerize
pentafluorophenyl acrylate. This active ester was subsequently
substituted with dopamine as an anchor group for the decora-
tion of TiO2 nanoparticles to form hybrid materials.
252 The
Suzuki coupling of bi-endfunctional polyfluorene with
fullerene-substituted PS derivatives leading to ABA triblock
copolymers is described by Bicciocchi et al.237
PPVs which were prepared by ROMP can also be decorated
with reactive end groups serving as initiators for CRP. For instance,
Lidster et al. applied this approach to preparemonotelechelic PPVs
by ROMP and the corresponding block copolymers with PMMA by
ATRP using a PPV macroinitiator.90
3.4.2 Coupling reactions involving anionic polymerization
techniques. Basically, two routes were applied to combine
anionic polymerization with other polymerization techniques
leading to electrochemically active polymers. Either the reactivity
of the propagating anion is in situ exploited by end capping with
a reactive reagent253–255 (Scheme 14) or telechelic end function-
alized polymers, e.g. PEG-OH derivatives, are applied in a post-
polymerization approach to be linked to a second block256–262 or
are utilized as a macroinitiator.263–265 In particular, the prepara-
tion of PPV by anionic polymerization using the so-called sulfinyl
precursor approach is of high interest from a synthetic point of
view.263 Cosemans et al. presented the preparation of block
copolymers using a bifunctional initiator suitable for SET-LRP
(single electron transfer living radical polymerization) and anionic
polymerization. This approach yielded defined block copolymers
in contrast to their previous work applying the sequential
monomer addition technique.179 The obtained PPV precursor
polymer was readily transformed into PPV by elimination at
elevated temperatures.263
An elegant in situ endcapping approach is presented by Sary
et al.253,254 The authors prepared P4VP by anionic polymeriza-
tion and utilized aldehyde terminated PPV254 or P3HT253 as
end capping agents leading to block copolymers capable of
self-assembly processes (Scheme 14A and B). Moreover, the
P4VP block experiences weak supramolecular interactions
with PCBM and assists the separation of donor and acceptor
units.253 Furthermore, alkyl halides represent valuable end
capping reagents. In this regard the preparation of AB and
ABA rod-coil block copolymers consisting of alkyl halide termi-
nated P3HT and phenylethynyl styrene derivatives is reported
(Scheme 14C).266 Noteworthily, also 1,1-diphenylethylene deriva-
tives can be used as end capping reagents (Scheme 14D).
A very stimulating example for the combination of KCTP
and anionic polymerization is provided by the group of
Coulembier.267 The authors individually prepared alkyne
terminated P3HT by KCTP polymerization and azide terminated
polyphthalaldehyde by anionic polymerization and covalently
linked the units by the CuAAC reaction. These block copolymers
were isolated in good yields (480%), featured low dispersities
(Ð = 1.26 to 1.34) and molar masses between 9000 and
17 000 g mol1, and could be assembled into fibrillary nano-
structures and upon thermal treatment the thermo-sacrificial
polyphthalaldehyde block could be removed leading to nano-
porous P3HT (Scheme 15).267
3.4.3 Combination of metal catalyzed cross coupling poly-
merization techniques. Fully conjugated block copolymers are
commonly prepared either by sequential monomer addition
techniques (vide supra), by the coupling of telechelic blocks
with complementary end groups or by the application of
macroinitiators. In particular, the last two approaches broaden
the scope of accessible polymers in comparison to sequential
monomer addition techniques. Noteworthily, P3HT is most
commonly used as one of the building blocks due to its
established synthetic procedures and beneficial properties.
The functional groups, which are necessary to covalently
link the individual blocks, can be introduced by functional
initiators. In this regard, Smeets et al. synthesized polythiophene
block copolymers using KCTP and functionalized Ni(II) catalysts
Scheme 14 Schematic representation of reported examples of in situ end
capping of anionic polymers with conjugated polymers, and reported
yields and coupling efficiencies.253–255,266
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enabling the introduction of azide or acetylene end groups for a
connection utilizing the CuAAC reaction.102 In addition, also the
Suzuki–Miyaura coupling polymerization applying functional
initiators is established and was used to decorate the chain
terminus of polyfluorene with substituents enabling the con-
struction of block copolymers by coupling of individual
chains.268 Moreover, the bromine decorated chain terminus of
P3HT prepared by KCTP is often applied as a starting or end
capping unit for subsequent cross coupling reactions, e.g. Suzuki
polycondensation.269–272 In general, two synthetic approaches to
prepare the second block can be devised either relying on the
polymerization of AA/BB-type (Scheme 16) or AB-type monomers
(Scheme 17) (A = Br, B = B(OR)2, SnR3, ZnCl, Br). The polymer-
ization of two complementary monomers (AA/BB-type) is widely
utilized to prepare alternating copolymers, but the obtained
polymers generally feature a broader molar mass distribution
compared to AB-type systems. An overview of reported examples
for both approaches is provided in Tables 9 and 10.
The combination of KCTP and Stille coupling polymeriza-
tion is commonly used in particular for the preparation of
donor–acceptor copolymers, as it is very challenging to prepare
electron-deficient polymers by classical KCTP protocols. In
contrast, Stille coupling enables facile preparation of the electron
acceptor block as successfully shown in the synthesis of NDI
(=naphthalene diimide) containing block copolymers with an
acceptable dispersity.275–277 In this regard, the P3HT277 as well
as the NDI275,276 containing block were applied asmacroinitiators.
Additionally, other acceptor building blocks, e.g. PCDTBT, were
utilized in combination with P3HT as a macroinitiator.273,274,278,279
For completion, it is stated that the combination of KCTP
with Yamamoto280–282 or Negishi283 coupling is also reported
for the preparation of AB or ABA donor–acceptor polymers.
In particular for Yamamoto coupling, the control of the poly-
merization process is low and the formation of byproducts, e.g.
homopolymer, in larger amounts is reported (entry 4, Table 10).
3.4.4 Other combined techniques. Although fullerenes are
usually sensitive towards typical polymerization conditions, e.g.
anions, cations, strong bases or radicals, examples for multi-
block copolymers synthesized by step-growth polymerization
techniques are reported. In this regard, successful incorpora-
tion relies on the mild reaction conditions of the nucleophilic
substitution284 or imine condensation processes.285
The combination of KCTP polymerization and ROMP of cyclo-
octene with subsequent hydrogenation leading to P3HT-b-PE
block copolymers is described by Radano et al.286 The resulting
tough, semiconducting crystalline–crystalline block copolymersmay
be useful for the fabrication of flexible electronic components.287
Last but not least, hydroxyl terminated P3HT is also capable of
initiating the ring-opening polymerization of lactide.288
4. Graft and comb polymers
Graft and comb polymers consist of a linear polymer backbone
and covalently connected side chains of one or more different
species.27,289,290 Thus, these copolymers allow the incorporation of
functional units besides the backbone to optimize the properties
and functions of polymer architectures, e.g. to improve the
solubility or to attach additional antenna dyes in light harvesting
systems. After introduction of the basic principles to construct
graft polymers, the following section presents concrete examples
to illustrate the possible scope of photo- and electrochemically
active graft copolymers.
In general, the preparation of graft copolymers is possible by
three construction principles: grafting onto, grafting from and
grafting through (Scheme 18).289–291 The grafting onto approach
is based on the reaction of functional units in the backbone of
the main chain polymer A with the end groups of the telechelic
side chain polymer B. As the main chain polymer and the side
chain units are synthesized separately, both blocks can be
prepared by appropriate methods and the molar mass and
dispersity of the parts can be controlled. As a limitation, the
realization of a high grafting density is restricted by steric
hindrance and additionally requires a high yield coupling reac-
tion, e.g. the nitroxide radical coupling reaction292 or the CuAAC
reaction.289,290 Noteworthily, the separation of unreacted side
chains and the graft copolymer can be challenging.
Scheme 15 Preparation of nanoporous films by utilization of thermo-sacrificial segments.267
Scheme 17 Preparation of block copolymers utilizing AB-type monomers
for the second block in combination with P3HT as the first block.
Scheme 16 Preparation of block copolymers utilizing AA/BB-typemonomers
for the second block in combination with P3HT as the first block.
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The grafting from strategy grows the side chains directly
from the initiating units of the polymer backbone. The initiat-
ing group either originates from the monomer of the main
chain polymer or is introduced in the main chain by a polymer
analogous reaction. Major advantages of the approach are the
facile purification due to the absence of unreacted macro-
molecules (vide supra) and the decrease of the steric effect com-
pared to the grafting onto and grafting through approaches.289
The grafting through strategy involves the polymerization
of macromonomers with a polymerizable end group.289,290
Technically, this technique also includes the preparation of homo-
polymers featuring large solubilizing groups in the side chains, e.g.
long alkyl or ethylene glycol chains. Advantageously, themolarmass
of the later side chains can be well-defined as themacromonomer is
prepared separately. The grafting density that can be reached is
100% but steric hindrance can influence the polymerization and
more importantly due to an incomplete conversion of the macro-
monomers a challenging purification step can be necessary.
The hydrodynamic volume of graft polymers differs from
linear polymers, so the SEC molar masses and dispersities are
only of very limited use for comparison and will not be reported.
Instead grafting densities and yields are given in the tables.
4.1. Conjugated graft copolymers with electrochemically
active side chains
The side chain functionalization of conjugated polymers represents
a promising approach to introduce a further functionality, e.g.
electron acceptors293,295,297 or donors,294,296,298 in the respective
polymer. An overview of reported graft copolymers containing
acceptor or donor side chains is displayed in Table 11 including
reported grafting densities and yields. As it can be seen, the grafting
densities and yields for ‘‘grafting onto’’ approaches are limited.
Besides polymer based side chains, also the attachment of
discrete electrochemically active units was reported (Table 11,
entries 1 to 4). In this regard, a donor–acceptor assembly
based on a grafting through approach is reported by Marder’s
Table 9 Schematic representation of examples of AA/BB-type monomers for the synthesis of block copolymers in combination with P3HT as the first
block
Entry Coupling
Mn
a [kg mol1]
Yield [%] Ref.Ð
1 Suzuki
19–168
80 269 and 2701.43–3.61
2 Suzuki
13–66
54 271–2731.14–1.52
3 Suzuki
16–36
89–94 2741.51–2.51
4 Stille
26–47
75–93 275–2771.15–1.86
5 Stille
16
76 2761.24
6 Stille 20 70 273
1.37
7 Stille
60–134
85–97 2781.58–1.91
a Based on SEC data.
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group (entry 4).297 The compounds, which were prepared
by copolymerization of perylene diimide functionalized
dibromocarbazoles and fluorene derivatives, revealed long-
lived charge separated states. Polythiophenes are also applied
Table 10 Schematic representation of examples of AB-type monomers for the synthesis of block copolymers in combination with P3HT as the first
block
Entry Coupling
Mn
a [kg mol1]
Yield [%] Ref.Ð
1 Suzuki
17
n.d. 270
1.31
2 Stille
15
33b 2791.30
3 Yamamoto
22–26
85c 281 and 2821.28–1.60
4 Yamamoto
26–30
96c 2801.55–2.11
5 Negishi
8–12
20 2831.30–1.5
a Based on SEC data. b Mixture of block and homopolymers. c A–B–A triblock copolymer + varying amounts of homopolymers and diblock
copolymers.
Scheme 18 Synthetic methods for the synthesis of graft copolymers.
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as side chains in graft polymers. The respective materials can
be prepared by any of the introduced methods. A grafting from
approach is reported by Higashihara’s group (entry 5).294
The authors prepared various conjugated polymers containing
3-(40-chloro-30-tolyl)thiophene units by Stille reaction and sub-
sequently converted thematerials intomacroinitiators by addition
of nickel complexes. These macroinitiators are suitable to graft
polythiophene side chains from the polymer backbone (entry 6).
Table 11 Schematic representation of graft copolymers containing a conjugated backbone and conjugated electron acceptor or donor side chains
Entry Compound Method
Grafting
efficiencya
[%]
Yield
[%] Ref. Entry Compound Method
Grafting
efficiencya
[%]
Yield
[%] Ref.
1
Through,
polymer anal.
reaction
100b 83–91 293 5 From n.d. 87–95 294
2
Through,
polymer anal.
reaction
100b 91–95 293 6 From n.d. 88 294
3 Onto 100b 57 295 7 Onto 10–50b 13–20 296
4 Through 100 80–83 297 8 Through 100 69–83 298
a Amount of functionalized units on the backbone. b Determined by 1H NMR data.
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Telechelic polythiophenes can also be grafted onto suitable poly-
mers, e.g. PPE (entry 7).296 In this regard the already mentioned
CuAAC reaction represents a very powerful tool for functionaliza-
tion even though a grafting density of 100% is not reached.
Moreover, grafting through of P3HT based macromonomers is
possible (entry 8).298 For this purpose a functionalized Nickel
catalyst is used (vide supra) to initiate the polymerization of P3HT
and the so obtained telechelic macromonomer is applied to
construct the polymer backbone.
4.2. Graft copolymers containing a saturated main chain
Graft copolymers of conjugated and non-electrochemically
active units either contain a non-conjugated backbone or non-
conjugated side chains. In the first case, the backbone often
fulfills a structural function, whereas in the case of modified side
chains the physical properties can be modified, e.g. the solubility.
The first scenario will be discussed in the following section and
relevant examples are depicted in Table 12.
Polystyrene displays a readily available and easily modifiable
polymer backbone, which can be used in combination with
P3HT for grafting from (Table 12, entries 2 and 3)300,302 and
onto approaches (entry 4 and 7).304,309 The resulting graft
copolymers are characterized by a good solubility304 and the
ability to form stable films on surfaces.300,302 Besides, PS is also
utilized in donor and/or acceptor graft polymers, in which the
active units are grafted onto the backbone by hydrosilylation
(entry 5)306 or CuAAC reactions (entry 6).308 Another suitable
polymer backbone is polynorbonene which can be prepared by
the ROMP process in high yields from telechelic P3HT macro-
monomers (entries 9, 13 and 15).299,307,310 The obtained bottle-
brush architecture resulted in an increased p–p interaction and,
therefore, a strong aggregation of the P3HT side chains.310
Surface immobilized polynorbonene was used in a grafting from
strategy for the step-by-step construction of ordered hetero-
junctions (entry 11).303 Moreover, after hydrogenation of the
backbone an increased electric field breakdown strength was
observed, making the materials promising candidates for
dielectrics.307 Interestingly, the group of Nishide prepared radical
containing graft copolymers by a combination of anionic poly-
merization and ROMP (entry 16).312 In the first step, the
anionic polymerization of a TEMPO-based monomer yielded a
norbornene-substituted macromonomer, which was subsequently
polymerized with a Grubbs catalyst. Due to the functional group
tolerance, high yields (494% for each step) and high radical
concentrations (0.95 radicals per monomer unit) were reached.
The anionic polymerization of glycidyl derivatives and the
subsequent grafting of active units onto the main chain represent
an additional method for the construction of electrochemically
active graft polymers (entry 10).301 Interestingly, poly(vinyl alcohol)
(PVA) can be modified with TEMPOL leading to a macroinitiator
for NMP with vinyl naphthalene by a grafting from approach
(entry 12).305 As the hydroxyl groups of the PVA stay intact
during polymerization, a water soluble graft copolymer is
obtained despite the hydrophobicity of the side chains. How-
ever, the grafting density is low. Last but not least, an example
featuring polyacrylamide as the main chain will be shortly
presented (entry 8). The group of Meijer reported the grafting
of porphyrins onto a modified poly(pentafluorophenyl acrylate)
by amidation leading to single-chain polymeric nanoparticles.
These particles act as photosensitizers and can produce singlet
oxygen.311
The before mentioned acyclic diene metathesis polymeriza-
tion (see Section ‘‘Redox-active and conjugated polymers by ring
openingmetathesis polymerization’’) was also applied to prepare
perylene bisimide-substituted polyethylene (entry 1).94
4.3. Tuning the physical properties with the side chains
The side chain functionalization or manipulation of conjugated
polymers represents an efficient way to tune inter alia the
self-assembly behavior,251,329 solubility,109 processability330,333
or energy levels of polymers.328 An overview of the modified
polymers is provided in Table 13. All reported polymers feature
very high grafting efficiencies but the isolated yield is com-
monly lower due to losses upon purification.
The first reported method enabling the side chain modifica-
tion of P3HT applied 2,5-dibromo-3-(o-bromoalkyl)thiophene
as the monomer.315,317,334 Surprisingly, the halogen substituted
side chain was not affected by the Grignard reagents and was
further functionalized by nucleophilic substitution, e.g. with
glucose derivatives315 (Table 13, entry 3) or units capable of
hydrogen bonding (entries 4 and 26).317 Furthermore, tuning
of the solubility was accomplished by varying the side chains.
As a consequence, a good solubility in organic solvents can be
readily achieved by the introduction of long solubilizing
groups, e.g. polyisobutylene (entry 18).316 In contrast, the
introduction of polar side groups results in a good solubility in
polar solvents, e.g. water or alcohol (entries 1 and 30).109,331,332,335
The influence of linear or branched polyether side chains on the
assembly of PPV-based block copolymers was investigated by
Zentel’s group (entry 14).251 The applied grafting onto approach
allowed modular construction of the compounds, i.e. various side
chains were attached on the same starting copolymer by amida-
tion. On the basis of TEM images, different structures were
observed, depending on the side chains. Wittmeyer et al. pursued
a similar approach as they prepared water-soluble PPPs with
ethylene oxide based side chains by a grafting through strategy
(entries 5 and 6).319 An additional increase of the polarity of the
branched chains was accomplished by the incorporation of ionic
groups leading to a class of polyelectrolytes (entries 2, 7, 15, 16,
19 and 20).131,313,318,321 The respective ionic groups result from
the modification of o-bromoalkyl side chains, i.e. in general
by quaternization with amines.131,313,321 Besides the good
solubility of these materials and, thus, an improved process-
ability, e.g. in water as an environmentally friendly solvent,313
also surfactochromic properties131 and a high charge density
can be achieved.318 Interestingly, the group of Chen reported
various conjugated polymers with crown ether decorated side
chains for the complexation of potassium ions (entries 12,
13, 22, 24 and 25).1–3 The polymers were applied as electron
transport layers in polymer solar cells and resulted in an
increased power conversion efficiency. This improvement is
inter alia based on an optical interference effect, the enhanced
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Table 12 Schematic representation of graft copolymers containing a saturated backbone and electro- or photoactive functional side chains
Entry Compound Method
Grafting
efficiencya
[%]
Yield
[%] Ref. Entry Compound Method
Grafting
efficiencya
[%]
Yield
[%] Ref.
1 Through 100 89–99 94 9 Through 100 n.d.c 299
2 From n.d. n.d.b 300 10 Onto 100 72 301
3 From n.d. n.d.b 302 11 From n.d. n.d.b 303
4 Onto 96 n.d. 304 12 From 4 n.d. 305
5 Onto 100 89 306 13 Through 100 99 307
Review Article Chem Soc Rev
P
u
b
li
sh
ed
 o
n
 1
1
 A
p
ri
l 
2
0
1
7
. 
D
o
w
n
lo
ad
ed
 b
y
 T
h
u
er
in
g
er
 U
n
iv
er
si
ta
ts
 L
an
d
es
b
ib
li
o
th
ek
 J
en
a 
o
n
 2
3
/0
5
/2
0
1
7
 0
8
:2
6
:3
6
. 
View Article Online
2780 | Chem. Soc. Rev., 2017, 46, 2754--2798 This journal is©The Royal Society of Chemistry 2017
electron conduction and the blocking of electron–hole combi-
nation at the interface with the cathode.1,2
Moreover, adequate side chains can be utilized for cross-
linking reactions to enhance the mechanical properties in
polymer films (entry 18).316 For this purpose, H-bond crosslink-
able units,316 UV-crosslinkable moieties, e.g. azides (entry 8)322 or
4-hydroxy-2,5-dimethylbenzophenone/maleimide (entry 9),324 or
thermal crosslinkable hydroxyl (entry 21)320 moieties, are intro-
duced in the monomer units, e.g. in the alkyl side chain of
thiophene. After film formation, the polymer is then crosslinked
by the external stimuli. Alternatively, the crosslinking can be
achieved by the addition of a multidentate crosslinker, which
reacts with functional groups of the polymer to form a network,
e.g. by the thiol–ene ‘‘Click’’ reaction (entry 17)314 or by
the reaction of diisocyanates with hydroxyl or amine groups
(entries 10 and 23).323
The side chain decoration of polyfluorene with P2VP represents
a suitable approach to control the morphology in ordered
nanostructures similar to block copolymers as shown by Lee
et al. (entry 11).325 The variation of the volume fractions of the
P2VP side chain led to well-ordered cylinders or lamellae.
4.4. Graft copolymers containing metal complexes
Metal complexes are an important class of photosensitizers and
catalysts for light harvesting materials. Their incorporation into
polymer side chains enables structural control to construct
Table 12 (continued )
Entry Compound Method
Grafting
efficiencya
[%]
Yield
[%] Ref. Entry Compound Method
Grafting
efficiencya
[%]
Yield
[%] Ref.
6 Onto 100 86 308 14 Through 100 n.d. 307
7 Onto 97–99 77–85 309 15 Through 100 86–98 310
8 Onto n.d. n.d. 311 16 Through 100 99 312
a Amount of functionalized units on the backbone. b Immobilized on the substrate. c Yield not given, but purity between 78–92%.
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light harvesting antennas and in the case of electrochemically
active polymers, additionally light induced charge separation
can be realized within such an assembly. In general, the
polymerization of metal containing monomers is impractical
due to possible side reactions with the active propagating
species336 so that preferential ‘‘grafting onto’’ approaches are
applied in the literature (Scheme 19).
Polystyrene and PMA derivatives are readily available by CRP
and represent often used polymers to provide a structure for
the attachment of photosensitizers.47,337–341 Suitable linking
reactions to decorate the polymer backbone are shown in
Scheme 19 and include the CuAAC reaction339–342 or amidation
reactions.47,337,338 Noteworthily, the azide functionality – necessary
for the CuAAC reaction – is introduced in a postpolymerization
reaction by nucleophilic substitution as general azides are not
compatible with common polymerization conditions.339–342
The conversion of the subsequent CuAAC reaction is reported
to be quantitative. Monomers with NHS ester moieties are
directly polymerized and side chain decorated with the respective
amino-substituted Ru(II) photosensitizer with loadings up to 90%
in good yields (75%).47,338 Interestingly, poly(4-vinylpyridine)
(P4VP) can directly act as a monodentate ligand for metal
complexes without further modification. Hence, the function-
alization of surface bound P4VP with hydrogen production
cobalt catalysts is readily achieved and increased the perfor-
mance of the photocathode in devices.343
Besides the presented PS and PMA based photosensitizer-
polymer assemblies, a very exciting grafting through approach
for a light harvesting graft polymer based on an amino acid
backbone was introduced by the group of Meyer.344 The authors
prepared an oligoproline by solid-phase peptide synthesis
(SPPS) applying modified monomers bearing Ru(II) complexes
Scheme 19 Schematic representation of reported preparation methods for graft polymers containing metal complexes.
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as a chromophore or phenothiazine moieties as an electron
donor (Fig. 7). The yields for coupling steps between unmodified
prolines were 97 to 99% and 20 to 30% for the modified analogs.
Therefore, the crude products had to be purified by HPLC to
isolate the pure assemblies with 16, 17, 18 or 19 amino acids.
The observed helical architecture of the polymer backbone
provides a structurally well-defined environment for the photo-
redox-active assembly and enables distance dependent analysis
of electron transfer processes. Furthermore, by the defined
incorporation of Ru(II) and Os(II) complexes in the assemblies
also an antenna system with a secondary structure could be
obtained and the distance dependence of excited state energy
transfer processes was studied.345 Modularity was additionally
accomplished in the systems by combination with ‘‘Click’’
chemistry, i.e. azido functionalized prolines were utilized in
the SPPS and were subsequently functionalized with metal
complexes to allow a high variability.346–348 These structurally
well-defined assemblies represent promising model compounds
for photoelectrosynthesis cells as they can be immobilized on
surfaces using complexes with anchor groups346–348 and the
modular approach allows for the application of several different
metal complexes, e.g. to incorporate water oxidation catalysts.347,348
Noteworthily, the modification of the polymer backbone, i.e. the
utilization of other amino acids besides proline, resulted in amuch
less ordered architecture.349
In addition to providing a structural backbone, the applica-
tion of conjugated polymers enables the realization of charge
transport processes or additional light absorption in metal
complex containing graft polymers. One of the earliest exam-
ples of such an approach is reported by Cheng et al. by the
preparation of substituted poly(phenylenethiophene)s and
poly(fluorenethiophene)s with ruthenium terpyridine trithio-
cyanato complexes.336 For this purpose, terpyridine functiona-
lized dibromobenzene and dibromofluorene were synthesized
and subsequently polymerized with thiophenediboronic acid
by Suzuki coupling. The complexation with ruthenium was
afterwards realized in a ‘‘grafting to’’ approach consisting of
two reaction steps with yields of 99% and 89%, respectively,
and quasi-quantitative functionalization. Noteworthily, the
direct polymerization of ruthenium containing monomers did
not lead to any polymer.
A series of light-harvesting polymers loaded with Ru(II)
complexes by a grafting onto approach utilizing ‘‘Click’’ chemistry
is reported by the groups of Schanze and Papanikolas.350–354 The
introduction of azide functionalities into suitable substituted
polyfluorenes,350,351,354 polythiophenes353 or their respective
copolymers351,352 enabled efficient coupling with Ru(II) photo-
sensitizers by the CuAAC reaction (quantitative conversion,
yields above 80%). Immobilization of these photo-redox-active
assemblies onto TiO2 was also realized by the introduction of
anchor groups on the complex’ ligand scaffold (Fig. 8).351,353
The polymer–metal complex hybrid materials showed fast
energy and electron transfer processes resulting in the forma-
tion of long-lived charge separated states (4100 ms).
Also other metals besides ruthenium, e.g. rhenium,355 may
be applied in the described architectures, however their usage
is much less frequently investigated.
4.5. Graft copolymers containing fullerenes
As discussed previously, fullerenes are reactive towards cations,
anions and radicals so common fullerene containing monomers
are not polymerized directly except by the ROMP process. As a
consequence, the grafting of these compounds to a separately
prepared polymer with functional side groups is very common. In
contrast to low molar mass fullerene derivatives, incorporation
into homopolymers6,356,357 leads to an increased solubility and
may result in the formation of homogenous films.6 Additionally,
fullerenes also represent promising candidates for donor–acceptor
polymers due to their electron accepting properties. These com-
pounds are either introduced as electron accepting side chains of
conducting polymers, e.g. PPV,358 or are more prominent in block
copolymers as electron acceptor blocks.5,43,234,237,359–362 In general,
two approaches leading to fullerene grafted block copolymers can
Fig. 7 Schematic representation of the chemical structure of metal
complex substituted polyproline and of the resulting helical structure with
3.3 monomer units per turn (adapted from ref. 345 and 346).
Fig. 8 Polyfluorene based metal decorated architecture bound to TiO2
for light harvesting and charge separation (reprinted with permission from
ref. 350, Copyright 2014 American Chemical Society).
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be distinguished. Either a telechelic homopolymer is fullerene
decorated and coupled with the second block (Scheme 20A) or the
block copolymer is prepared first and the fullerene is introduced in
the second step (Scheme 20B).
Suitable polymer backbones, which are often used for a later
fullerene substitution, include PS6,40,43,234,237,357,359,361 and
PMA/PA356,360,362 derivatives as they can be readily prepared
with CRP techniques using functional initiators or macroini-
tiators leading to defined reactive end groups capable of further
reactions (see Section ‘‘Block copolymers’’). Suitable reactions
for the attachment of fullerenes on the polymer are shown
in Scheme 21. As it can be seen, the Prato reaction,358 the
Bingel reaction,357 cycloadditions with subsequent nitrogen
extrusion43,361,363 and the addition of diazo compounds237
can be performed with pristine fullerenes if the monomer units
in the polymer feature the appropriate functional groups. On
the one hand, these approaches are straightforward as unfunc-
tionalized fullerenes are commercially available but potentially
Scheme 20 Schematic representation of synthetic approaches leading to fullerene decorated block copolymers.
Scheme 21 Schematic representation of synthetic methods for the side chain decoration of polymers with unfunctionalized fullerenes (the formed
linking motif is marked in red).
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cross-linking is possible due to multiple reactions of one single
fullerene molecule and therefore these reactions require the
application of a large excess of fullerene.237 In contrast, the
application of functionalized fullerene derivatives and their
subsequent incorporation into the polymer side chains avoids
the cross-linking issue. Suitable reactions for this approach
include Steglich esterifaction,6,40,234,362 the CuAAC reaction5,356
or etherification reactions (Scheme 22).359 In general, fullerene
containing block copolymers are rod–coil copolymers and are
expected to improve the morphological control in organic solar
cells, e.g. as compatibilizers or stabilizers. In contrast to blends,
the polymers are able to show microphase separation without
undesired macrophase separation.5,6,234,237,356,359,362 Moreover,
improved long-term stability of the structures and reduced
agglomeration behavior is also expected resulting in higher
efficiencies of organic solar cells.5,6,237,360 The grafting density
of the polymers is typically below 100% as the fullerene is
sterically hindered. The calculation of the mass fraction of
the attached fullerene is often hampered as very weak NMR
signals have to be quantified and, therefore, often relies on
TGA analysis.
A more comprehensive discussion of polymers containing
fullerenes and related reactions is not possible at this point due
to the scope of the review. Therefore we would like to refer to
reviews detailing these respective topics.364–366
5. Chain end functionalization with
functional building blocks
The initially introduced polymerization techniques produce
telechelic polymers, whose reactive end groups are by definition
capable of further reactions and, therefore, enable the attachment
of functional units, e.g. substituents to influence the assembly
properties or photo- or redox-active moieties.11,367
The determination of the end functionalization efficiency
and the separation of non-functionalized and functionalized
polymers are challenging and are not always mentioned in
reports.
Basically, two different approaches leading to end function-
alization can be differentiated, in situ functionalization and
post polymerization functionalization (Scheme 23). In situ func-
tionalization (Scheme 23A) exploits the high reactivity of the
propagating species that is formed during a polymerization
process. In a typical approach an end capping reagent is added
to quench the active species and to simultaneously introduce a
functional unit. This technique is often utilized in anionic
polymerizations. For instance, Natori et al. prepared styrenic
triarylamines and functionalized the obtained polymer by
the addition of C60 fullerene, which readily reacts with the
Scheme 22 Schematic representation of synthetic methods for the side
chain decoration of polymers with functionalized fullerenes (the formed
linking motif is marked in red).
Scheme 23 Schematic representation of synthetic approaches towards chain end decoration with functional units, either by in situ functionalization (A)
or postpolymerization modification of telechelic polymers (B).
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anionic species.63,368 The in situ approach is also suitable for
the chain end decoration of conjugated polymers. Classical step
growth polycondensation reactions with AA/BB type monomers
can be quenched by an excess of the desired functional unit,
which is either modified with the reactive group A or B.
A compelling example is provided by Robb et al. as the authors
synthesized a PDPP2FT donor–acceptor polymer by Stille
coupling and introduced bromine bearing perylene diimide
(PDI) as an end capper to terminate the propagating chains
resulting in more than 50% bisfunctionalized chains.369 The
functionalized polymer revealed an efficient charge transfer
between the main polymer chain and the PDI moieties as a
result of the covalent linkage.369 A second example is given by
the group of Wang by in situ end capping of donor–acceptor
copolymers with porphyrin complexes during Stille coupling
polymerization.370 The obtainedmaterials featured an enhancement
of light absorption and improved power conversion efficiency
(by 50%). A similar approach utilizing AB monomers is pre-
sented by Krebs and Biancardo, who attached ruthenium dyes
on P3HT by Stille coupling to prepare materials for dye sensi-
tized solar cells.371 However, full conversion was not reached
in the P3HT–Ru-complex dyad that still contained residual
unfunctionalized homopolymer.
In contrast to the in situ functionalization procedure, the
end functionalization approach by a post polymerization reac-
tion (Scheme 23B) is characterized by the usage of a purified
telechelic polymer in a consecutive reaction after the actual
polymerization. The required reactive end group capable of
further functionalization is often introduced by utilization of a
suitable initiator. A major advantage of the procedure is the
modularity, so that a large batch of the prepared polymer
can be decorated with different functional units and, thus, a
good comparability and reproducibility is ensured when the
influence of various end groups, e.g. metal complexes, on the
polymer properties is investigated (Scheme 24).372 The end
functionalization of redox-active polymers prepared by NMP
with photoactive ruthenium complexes was elaborately investi-
gated by Schroot et al.37,372,373 The presented modular assembly
of donor–photosensitizer and acceptor–photosensitizer dyads
was accomplished by nucleophilic reactions and the CuAAC
reaction of the NMP initiator’s starting group and suitable
substituted metal complexes in yields between 40 and 71%.
Besides, a simplified purification protocol by modified silica
gels was developed to ensure the complete removal of unfunc-
tionalized polymer and excess metal complex. Moreover, the
detected charge transfer within the architectures illustrated
the eligibility of the chosen approach.374 Another interesting
example for the end functionalization using a metal complex is
reported by Fang et al. (Scheme 25).340 The combination of
RAFT polymerization, CuAAC click reaction and subsequent
esterification allowed the construction of a chromophore–
catalyst assembly consisting of Ru(II) polypyridyl-derivatized
polypropylacrylate and a terminal water oxidation catalyst
with a good yield of 63% for the last two steps. Interestingly,
this example combines chain end as well as side chain
functionalization reactions and underlines the versatility of
the RAFT process. The presented approaches also enable
directional energy or charge transfer as a result of the linear
prepared architecture.
As discussed in previous sections, cross coupling reactions
may also lead to telechelic polymers capable of further
modification reactions. The synthesis of C60 end capped
P3HT is described by Lee et al.7 In a first step, in situ end
capping with allylmagnesium bromide yielded telechelic
P3HT, which was converted in hydroxypropyl-terminated
P3HT by hydroboration. Finally Steglich esterification gave
the desired fullerene end capped polymer (end capping
efficiency 490%), which acts as a compatibilizer and
increases the stability of bulk heterojunction solar cells.7
A second example for the end functionalization of conjugated
telechelic polymers is the decoration of ethynyl end group
bearing polyfluorene by the CuAAC reaction with bio-targeting
Scheme 24 Schematic representation of telechelic polymers as a modular
basis for the synthesis of acceptor–photosensitizer dyads.372
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groups for sensing applications.109 However, the amount of
functionalized polymer chains was not determined.
Although this review focuses on electrochemically active
polymers, the decoration of non-electrochemically active
polymers with photo- or redox-active units can be desired to
tune and improve the mechanical and optical properties, e.g.
absorption maxima, film forming properties or mechanical
stability.4,375,376 The improvement of device stability and efficiency
is demonstrated by Raissi et al. by end capping of P3HT-b-PS with
C60 fullerene utilizing atom transfer radical addition.
4 Sub-
sequently the material was applied as a compatibilizer in bulk
heterojunction solar cells and improved the efficiency as well as
the stability by inducing interpenetrating domains.
In summary, the chain end functionalization of telechelic
electrochemically active polymers with functional units is of
special interest for architectures including light harvesting units
as the decoration of the chain end ensures a linear architecture
and directional energy or charge transport processes.
6. Conclusion
Synthetic approaches leading to well-defined polymer based
architectures with tunable (opto)electronic properties were
reviewed. The utilization of these tailor-made architectures
facilitates new possibilities with regard to important physical
parameters, e.g., morphology control and morphology stability,
and enables the construction of multipurpose materials.
The controlled synthesis of redox-active and conjugated
polymers represents a key step for the construction of these
macromolecules. Modern polymerization methods for redox-
active polymers, e.g. controlled anionic or radical polymerization
or ROMP techniques, and conjugated polymers, e.g. Kumada
catalyst transfer polymerization and related techniques, provide
the fundamental basis for the covalent incorporation of various
polymers in larger architectures. Thus a large number of different
telechelic polymers can be readily prepared and further applied
to prepare block or comb polymers as well as end functionalized
polymers. The combination of two or more different monomer
units in these macromolecules enables the realization of donor–
acceptor polymers, photoredox-active dyads and triads or tuning
of physical properties.
The synthesis of block copolymers can be achieved by the
initially discussed polymerization techniques by application
of the sequential monomer addition approach, the macro-
initiator approach or the coupling of polymerization techniques
(bifunctional initiator or telechelic homopolymers). Graft and
comb polymers are readily prepared by grafting onto, from or
through approaches utilizing the aforementioned polymeriza-
tion techniques as well as highly efficient coupling reactions,
e.g. the CuAAC reaction. The coupling reactions are also of
fundamental importance for the construction of directional
end functionalized architectures, e.g. light harvesting antennas
or donor–photosensitizer–acceptor assemblies. However,
challenges remain as often functionalization reactions are
not quantitative or rather hard to quantify by analytical
methods and challenging purification and fractionation steps
may be necessary.
In the future the steadily increasing number of functional
initiators and coupling reagents as well as the development of
polymerization techniques will further expand the number of
well-defined covalently linked architectures.
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Scheme 25 Schematic representation of the construction of terminal water oxidation catalyst decorated polypyridyl Ru(II)-derivatized polypropyla-
crylate by RAFT polymerization applying side chain as well as chain end functionalization techniques.340
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Modular Assembly of Poly(naphthalene diimide) and Ru(II) Dyes for
an Eﬃcient Light-Induced Charge Separation in Hierarchically
Controlled Polymer Architectures
Robert Schroot,†,# Tina Schlotthauer,†,# Ulrich S. Schubert,*,†,‡ and Michael Jag̈er*,†,‡
†Laboratory of Organic and Macromolecular Chemistry (IOMC) and ‡Center for Energy and Environmental Chemistry Jena (CEEC
Jena), Friedrich Schiller University Jena, 07743 Jena, Germany
*S Supporting Information
ABSTRACT: Hierarchically well-deﬁned multielectron accept-
or−photosensitizer (An−P) assemblies were prepared by nitro-
xide-mediated polymerization of a styrenic naphthalene diimide
and subsequent decoration of the chain terminus by a
[Ru(dqp)2]
2+ photosensitizer (dqp is 2,6-di(quinolin-8-yl)-
pyridine). In view of a facile modular design, three synthetic
linkage procedures were explored aiming at tailored light-initiated
energy and electron transfer processes. The polymers were
conveniently puriﬁed by column chromatography using amino-
or diol-functionalized silica gels and were characterized in detail
by NMR, MS, and UV−vis-SEC measurements. The electro-
chemical and absorption data conﬁrmed the preserved individual redox and optical properties of the building blocks. The detailed
steady-state emission measurements revealed an eﬃcient quenching of the photosensitizer exceeding 86−96% with respect to
reference complexes and the partial sensitization of/by polymer-based excited states. The results demonstrate the general
versatility to construct photoredox-active macromolecules from tailored building blocks.
■ INTRODUCTION
The conversion of light energy into electrical energy and/or
chemical bond energy is a key process for an environmentally
friendly and sustainable power supply,1 i.e., in photovoltaics and
photosynthesis. Thereby, the latter process relies on the
utilization of the generated charge carriers in coupled catalytic
processes and thereby enables the storage as fuels with high
energy density.2,3 The energy conversion process is initiated by
photon absorption to generate an excited state, followed by the
primary charge separation, subsequent charge translocation,
and ultimately the collection on an electrode (photovoltaics) or
the consumption in catalytic reactions (photosynthesis). In
order to obtain a high overall eﬃciency, all forward steps should
be well tuned to minimize any undesired recombination
processes.
One promising approach on a molecular level utilizes
functional building blocks, i.e., electron donors (D), acceptors
(A), and photosensitizer (P), which can be connected to form
deﬁned architectures with more complex functionality, i.e.,
photoinitiated charge separation. The strength of this (supra-
molecular) strategy is demonstrated by the highly eﬃcient
charge separation in molecular triad (D−P−A) systems
reaching unit quantum eﬃcacy.4 Nevertheless, the photo-
generated charges are locally trapped in such model
compounds because a directional percolation pathway is
essential to utilize the charge carriers in photovoltaic or
photosynthetic applications. In this regard, the recent advances
in polymer chemistry provide an invaluable synthetic platform
to overcome the challenge of connecting multiple functional
(redox-active) units. In particular, modern controlled radical
polymerization techniques (e.g., NMP or RAFT polymerization
processes)5−8 enable the facile preparation of redox-active
polymers (Dn and/or Am) with a controlled degree of
polymerization and dispersity (Đ). The utilization of functional
monomers assures the formation of the fully functionalized
polymer, which is often challenging to reach in a grafting
approach. In addition, the facile preparation of telechelic
polymers enables a postpolymerization functionalization
speciﬁcally at the chain terminus, which can fulﬁll two
important tasks with respect to eﬃcient charge separation:
First, the decoration with a terminal photosensitizer leads to
hierarchically controlled polymer architectures, as demonstrated
for Dn−P and P−Am dyads.
9,10 Second, the simple modular
assembly of the functional building blocks (Dn, P, Am) assures a
high variability to design and synthesis to explore new assembly
generations.
Polymers based on naphthalene diimide (NDI) are
intensively investigated as n-type semiconductors. The NDI
unit exhibits reversible reduction steps, which are as well as the
optical and physical properties tunable by diﬀerent substituents
on the molecular scaﬀold.11−13 Additionally, their sizable planar
π-system is capable for self-organization, e.g., a face-to-face
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stacking of the units.14−17 Main-chain conjugated NDI
polymers are typically prepared by polycondensation and
reach high charge charier mobilities,18,19 whereas side-chain
decorated polymers are conveniently prepared by controlled
radical polymerization procedures.10 Ruthenium polypyridyl
complexes are widely used photosensitizer due to their metal-
to-ligand charge transfer (MLCT) character of the excited
state.20−22 In addition to the ubiquitous [Ru(bpy)3]
2+
complexes (bpy is 2,2′-bipyridine), e.g. in polymer-based
architectures,4,23−25 similar complexes based on 2,6-di-
(quinolin-8-yl)pyridine (dqp) ligands have received increasing
attention. This photosensitizer subclass displays comparably
long excited states (microsecond time scale) combined with a
red-shifted absorption (up to 550 nm) for an enhanced
coverage of the solar spectrum.26−28 Moreover, the parent
complex [Ru(dqp)2]
2+ was shown to exhibit an enhanced
photostability in comparison to [Ru(bpy)3]
2+.28 Notably, very
eﬃcient photoinitiated charge separation (>95%) was achieved
in D−P−A triads based on the [Ru(dqp)2]
2+ core,29 whereas
the eﬀective primary charge separation was recently demon-
strated for a polymer-based P−Am dyad by time-resolved
spectroscopy,10 irrespective of the highly ﬂexible unsaturated
linkage.
In this contribution, various linkage patterns are explored to
prepare acceptor-photosensitizer (P−Am) dyads based on
poly(naphthalene diimides) (pNDI) and [Ru(dqp)2]
2+-based
complexes. Both functional building blocks (Am, P) are
individually synthesized and subsequently connected by
nucleophilic substitution or by the application of the copper-
(I)-catalyzed azide−alkyne cycloaddition (CuAAC) reaction.
Chromatographic puriﬁcation protocols were developed to
facilitate the challenging puriﬁcation of the macromolecular
structures. The building blocks and dyads were characterized in
detail by NMR spectroscopy, mass spectrometry, electro-
chemistry, and optical spectroscopy. The second part addresses
the energy- and electron-transfer processes for the various
linkages by steady-state absorption and emission spectroscopy.
First, the quenching eﬃciency of the Ru-based emission was
determined between the dyads and suitable reference
complexes. Hence, complexes with the same substitution
pattern at the ligand framework were synthesized to account
for the (unknown) diﬀerences in the MLCT excited state
character, i.e., emission quantum yield. Second, excitation
spectra were recorded to shed light on the origin and fate of the
polymer-based emission.10 Hence, the steady-state optical
characterization will provide ﬁrst insights into energy- and
electron-transfer pathways. In combination with the inves-
tigated synthetic procedures, the presented work and the results
show the suitability of the various orthogonal linkages to ensure
eﬃcient Ru emission quenching. The facile modular assembly is
believed to assist the design and synthesis of future
architectures, e.g., Dn−P−Am triads.
■ EXPERIMENTAL SECTION
Materials. All reagents were purchased from ABCR, Acros
Organics, Alfa Aesar, Apollo Scientiﬁc, Sigma-Aldrich, or TCI
Chemicals and were used without further puriﬁcation unless otherwise
noted. Dry pyridine and dry N,N-dimethylformamide (DMF) were
commercially available. All solvents were degassed before use. THF
was dried using a PureSolv-EN solvent puriﬁcation system (Innovative
Technology). [Ru(dqp)(dqp-OH)][PF6]2 (3, dqp is 2,6-di(quinolin-
8-yl)pyridine, dqp-OH is 4-hydroxy-2,6-di(quinolin-8-yl)pyridine), 4-
bromophenyl-2,6-di(quinolin-8-yl)pyridine (dqp-ph-Br), [Ru(dqp)-
(dqp-ph-Br)][PF6]2, and [Ru(dqp)(CH3CN)3][PF6]2 were prepared
as previously described.9,30,31 dba is dibenzylidene acetone. SPhos is 2-
dicyclohexylphosphino-2′,6′-dimethoxybiphenyl. PMDETA is
N,N,N′,N″,N″-pentamethyldiethylenetriamine.
N-(2-Ethylhexyl)naphthalene-1,8-dicarboxyanhydride-4,5-
dicarboxyimide (Adopted from Ref 32) (1). Five microwave vials were
each charged with 1,4,5,8-naphthalenetetracarboxylic dianhydride
(0.800 g, 2.980 mmol), 2-ethylhexylamine (0.480 mL, 2.980 mmol),
and dry DMF (20 mL). After the vials were capped and ﬂushed with
nitrogen for 10 min, the brown suspension was homogenized by
ultrasound sonication. Subsequently, the vials were heated using
microwave irradiation to 75 °C for 5 min and then to 140 °C for 15
min. The batches were combined, and the excess of solvent was
removed under reduced pressure; the brown residue was resuspended
in acetone (100 mL) and added dropwise to 1 M aqueous HCl (150
mL). The solid was ﬁltered oﬀ and washed with water. The crude
product was used without further puriﬁcation (5.430 g, 96%, purity
approximately 80% by 1H NMR). 1H NMR (300 MHz, CDCl3): δ
8.83 (s, 4H, NaphH), 4.35−4.00 (m, 2H, CH2), 2.12−1.86 (m, 1H,
CH), 1.51−1.17 (m, 8H, 4 × CH2), 1.06−0.69 (m, 6H, 2 × CH3).
N-(2-Ethylhexyl)-N′-(4-vinylphenyl)-naphthalene-1,4,5,8-
dicarboxydiimide (Adopted from Ref 33) (2). Crude 1 (5.430 g, 1
equiv), 4-aminostyrene (2.040 g, 1.2 equiv, 17.120 mmol), and ZnSO4·
1H2O (1.540 g, 0.6 equiv, 8.560 mmol) were dissolved in dry pyridine
(100 mL) under nitrogen. The mixture was heated to reﬂux for 4 h.
Then the black reaction mixture, which contained white solids, was
added dropwise to 1 M aqueous HCl (800 mL). After ﬁltration the
residue was dissolved in CH2Cl2 and washed with brine and water.
The organic layer was dried over MgSO4. Subsequently, the crude
product was puriﬁed by two ﬂash column chromatography runs (silica,
eluent: CH2Cl2) to yield a yellow solid (3.300 g, 60%).
1H NMR (250
MHz, CDCl3): δ 8.81 (s, 4H, NaphH), 7.61 (d, J = 8.5 Hz, 2H, ArH),
7.29 (d, J = 8.5, 2H, ArH), 6.81 (dd, J = 17.5, 11.0 Hz, 1H, CH
CH2), 5.84 (d, J = 17.5 Hz, 1H, CHCH2-trans), 5.37 (d, J = 11.0
Hz, 1H, CHCH2-cis), 4.32−4.02 (m, 2H, CH2), 2.07−1.84 (m, 1H,
CH), 1.49−1.21 (m, 8H, 4 × CH2), 1.02−0.82 (m, 6H, 2 × CH3).
13C
NMR (101 MHz, CDCl3): δ 163.2, 163.0, 138.6, 136.0, 133.8, 131.4,
131.1, 128.6, 127.3, 127.1, 127.0, 126.9, 126.7, 115.5, 44.7, 38.0, 30.7,
28.6, 24.1, 23.0, 14.1, 10.6. Elem anal. calcd for C30H28N2O4: C,
74.98%; H, 5.87%; N, 5.83%; found: C, 75.10%; H, 5.75%; N, 5.69%.
MS (ESI-ToF) m/z: 481.280 ([M + H]+). Td = 230 °C.
[Ru(dqp)(dqp-ph-CC−H)][PF6]2 (4). A vial was charged with
[Ru(dqp)(dqp-ph-Br)][PF6]2 (0.030 g, 0.025 mmol) and Pd(PPh3)4
(0.003 g, 0.003 mmol). The vial was sealed and purged with nitrogen.
Then dry DMF (3.0 mL), a ﬁne suspension of copper(I) iodide
(0.0005 g, 0.003 mmol) in DMF (0.078 mL), triethylamine (1.5 mL),
and triisopropylsilylacetylene (0.006 mL) were added. Subsequently,
the reaction mixture was heated to 60 °C for 16 h. Afterward, the
reaction was cooled to room temperature and was precipitated in
aqueous NH4PF6. The red precipitate was extracted from the aqueous
phase with CH2Cl2, and the organic extracts were washed with water,
dried over Na2SO4, and concentrated under reduced pressure. The
crude product was puriﬁed by column chromatography using a mixture
of acetonitrile/H2O/KNO3(aq) (40/4/1) as eluent. The product
fractions were combined, and the anion exchange was performed by
precipitation in an aqueous NH4PF6 solution (0.029 g, 91%).
Deprotection. The complex (0.016 g, 0.012 mmol) was
deprotected by stirring with tetrabutylammonium ﬂuoride (0.003 g,
0.012 mmol) in a mixture of THF (2.0 mL) and MeOH (1.0 mL)
overnight. The reaction mixture was quenched with water.
Subsequently, the solvent was evaporated under reduced pressure,
and the crude product was redissolved in a minimum amount of
acetonitrile and precipitated in an aqueous NH4PF6 solution. The
product was ﬁltered, washed with water, and dried to yield 4 as an red
solid (0.014 g, 98%). 1H NMR (600 MHz, CD3CN): δ 8.17 (t, J = 8.0
Hz, 1H), 8.12 (dd, J = 5.2, 1.4 Hz, 2H), 8.11 (s, 2H), 8.09−8.07 (m,
4H), 8.07 (s, 2H), 7.95 (m, 2H), 7.91−7.87 (m, 4H), 7.74 (dd, J = 7.4,
1.1 Hz, 2H), 7.72−7.65 (m, 6H), 7.47 (dd, J = 16.0, 8.4 Hz, 4H),
7.11−7.00 (m, 4H), 3.58 (s, 1H). 13C NMR (151 MHz, CD3CN): δ
159.5, 159.4, 158.1, 157.7, 149.4, 147.6, 147.4, 139.1, 138.6, 138.5,
137.3, 134.4, 133.9, 133.8, 132.8, 132.7, 131.6 (2×), 128.9, 128.6,
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127.8 (2×), 127.6, 127.5, 126.2, 124.8, 123.0, 122.9, 83.4, 81.2. HR-
ESI ([C54H34N6Ru]
2+) m/z: calcd 434.0939, found: 434.0966. Error:
4.6 ppm.
[Ru(dqp)(dqp-ph-py)][PF6]2 (5). A microwave vial was charged with
[Ru(dqp)(dqp-ph-Br)][PF6]2 (0.090 g, 0.098 mmol), 4-pyridyl-
boronic acid (0.014 g, 0.114 mmol), Pd(dba)2 (0.003 g, 0.006
mmol), SPhos (0.007 g, 0.018 mmol), and K2CO3 (0.040 g, 0.293
mmol). Then acetonitrile (3.0 mL) and water (1.5 mL) were added,
and the vial was sealed. The solution was purged with nitrogen for 10
min and heated to 100 °C for 16 h. Afterward, the reaction mixture
was allowed to cool to room temperature; subsequently, the mixture
was added into an aqueous NH4PF6 solution. The ﬁne suspension was
extracted three times with CH2Cl2, and the combined organic layers
were washed with water and brine. After drying over Na2SO4 the
solvent was evaporated under reduced pressure, and the crude product
was puriﬁed by ﬂash column chromatography (diol-functionalized
silica, eluent: CH2Cl2/acetonitrile 95/5). Finally, diﬀusion-controlled
crystallization (diethyl ether into acetonitrile solution) gave the
desired complex 5 (0.060 g, 67%). 1H NMR (400 MHz, CD3CN): δ
8.69 (d, J = 5.9 Hz, 2H), 8.25−8.15 (m, 3H), 8.17−8.13 (m, 2H),
8.12−8.06 (m, 8H), 8.00−7.94 (m, 2H), 7.94−7.88 (m, 4H), 7.74 (dd,
J = 7.4, 1.2 Hz, 2H), 7.71 (ddd, J = 8.1, 3.3, 1.2 Hz, 6H), 7.48 (dd, J =
15.9, 8.4 Hz, 4H), 7.13−7.01 (m, 4H). 13C NMR (101 MHz,
CD3CN): δ 159.5 (2×), 158.1, 157.8, 151.4, 149.7, 147.6, 147.5, 140.7,
139.2, 138.6, 138.5, 137.6, 134.5, 134.0, 132.8 (2×), 131.6, 129.2,
128.9 (2×), 127.8 (2×), 127.6, 127.5, 126.3, 123.1, 122.9, 122.4. HR-
ESI ([C57H37N7Ru]
2+) m/z: calcd: 460.6071, found: 460.6075. Error:
0.8 ppm.
Polymerization (Adopted from Ref 9) and Azide Function-
alization. Chloro-End-Functionalized Poly(naphthalene diimide)
Cl-p217. A glass tube equipped with a septum, and an external
overhead ﬂushing with nitrogen was used for the polymerization (see
Supporting Information). The reaction vessel was charged with 2
(0.500 g, 1.040 mmol), N-(tert-butyl)-O-(1-(4-(chloromethyl)-
phenyl)ethyl)-N-(2-methyl-1-phenylpropyl)hydroxylamine (CMSt-
TIPNO) (0.019 g, 0.052 mmol), and anisole (4.0 mL), purged with
nitrogen for 20 min, and placed in a preheated oil bath (120 °C). After
17 h the reaction mixture was diluted with CH2Cl2 and was
precipitated in cold MeOH. Unreacted monomer was removed by
preparative SEC (Bio-Beads S-X1, CH2Cl2). The polymer was
obtained as a bright yellow powder after precipitation in MeOH.
Yield: 0.400 g. SEC (CHCl3/IPA/NEt3 94/2/4, PS calibration): Mn =
6400 g/mol, Đ = 1.11. 1H NMR (300 MHz, CDCl3): δ 9.04−7.98
(br), 7.78−6.66 (br), 4.73−4.42 (br), 4.36−3.60 (br), 2.92−1.71 (br),
1.51−1.05 (br), 1.05−0.45 (br). MS (MALDI-ToF, DCTB + NaTFA)
m/z: 7,384 ([(C30H28N2O4)15C9H10Cl + Na]
+).
Azide-End-Functionalized Poly(naphthalene diimide) N3-p217.
Safety advice: sodium azide is very toxic; personal protection precautions
should be taken. Heavy metal azides are explosive. Do not use metal
spatula. A glass vial was charged with Cl-p217 (0.033 g, 0.005 mmol, 1
equiv) and sodium azide (0.001 g, 0.016 mmol, 3 equiv), capped, and
placed under a nitrogen atmosphere. Dry DMF (1 mL) was added,
and the reaction mixture was immersed in an oil bath at 60 °C at
which the polymer dissolved. After 48 h CH2Cl2 and water were added
to the formed suspension, and the layers were separated. The aqueous
layer was extracted two times with CH2Cl2. The combined organic
layers were washed with brine and dried over Na2SO4. After removal
of the solvent under reduced pressure, a yellow solid was obtained.
Yield: 0.033 g. SEC (CHCl3/IPA/NEt3 94/2/4, PS calibration): Mn =
6300 g/mol, Đ = 1.08. 1H NMR (300 MHz, CDCl3): δ 9.04−7.98
(br), 7.78−6.66 (br), 4.56−4.22 (br), 4.23−3.60 (br), 2.83−1.65 (br),
1.51−1.05 (br), 1.05−0.45 (br). MS (MALDI-ToF, DCTB + NaTFA)
m/z: 7,391 ([(C30H28N2O4)15C9H10N3 + Na]
+). IR (KBr): υ̃ [cm−1] =
2100 (w, νas(N3)).
End-Functionalization Procedures (Dyads and Reference Com-
plexes). [Ru(dqp)(dqp-O-p217)][PF6]2 (D1). A vial was charged with
Cl-p217 (0.062 g, 0.009 mmol, 2 equiv), K2CO3 (0.001 g, 0.009 mmol,
2 equiv), and 3 (0.005 g, 0.009 mmol, 1 equiv), sealed, and placed
under a nitrogen atmosphere. Dry DMF (1.0 mL) was added, and the
resulting solution was heated to 60 °C. The reaction progress was
monitored by TLC (aluminum oxide, CH2Cl2/MeOH 95/5) and
analytical size exclusion chromatography (DMAc + 0.08% NH4PF6,
diode array detection). After 24 h only little conversion was noticed;
thus, potassium iodide (0.002 g, 0.001 mmol, 2 equiv) was added as
catalyst. After an additional 24 h and TLC analysis, further base and
potassium iodide were added. The reaction was continued until no
further conversion was monitored by TLC (in total 72 h). The mixture
was diluted with a minimum amount of THF and precipitated into
aqueous NH4PF6 solution. The red precipitate was ﬁltered oﬀ and
washed with water. Unreacted complex 3 was recovered by column
chromatography (diol-functionalized silica; eluent: CH2Cl2 to
CH2Cl2/MeOH 95/5). The polymer-containing product was puriﬁed
from excess polymer Cl-p217 by column chromatography (aluminum
oxide; eluent: CH2Cl2 to CH2Cl2/MeOH 95/5). The dyad D1 was
obtained as a red powder after drying (0.020 g, 55%). 1H NMR (600
MHz, CDCl3): δ 8.89−8.00 (br, p217), 8.06 (br, Ru), 8.00 (br, Ru),
7.92 (br, Ru), 7.84 (br, Ru), 7.77 (br, Ru), 7.65 (br, Ru). 7.54 (br, Ru),
7.48 (br, Ru), 7.57−6.37 (br, p217), 5.67−5.40 (br, linker), 4.25−3.71
(br, p217), 3.07−1.70 (br, p217), 1.47−1.04 (br, p217), 0.99−0.47 (br,
p217).
[Ru(dqp)(dqp-ph-py-p217)][PF6]3 (D2). Cl-p217 (0.013 g, 0.002
mmol, 2 equiv) and 5 (0.001 mg, 0.001 mmol, 1 equiv) were dissolved
in a mixture of CHCl3 and CH3CN (0.32 and 0.07 mL), and the
resulting solution was heated to 50 °C. After 48 h the conversion was
very low as monitored by TLC (aluminum oxide, CH2Cl2/MeOH 95/
5) and analytical size exclusion chromatography (DMAc + 0.08%
NH4PF6, diode array detection). Subsequently, KPF6 (0.37 mg, 0.002
mmol, 2 equiv) and potassium iodide (0.33 mg, 0.002 mmol, 2 equiv)
were added, and the reaction mixture was heated to 70 °C until the
complex was fully converted (48 h, reaction progress monitored by
TLC). The solvent was removed under reduced pressure, and the
excess of polymer was removed by column chromatography
(aluminum oxide; eluent: CH2Cl2 to CH2Cl2/MeOH 95/5). The
desired product was dissolved in a minimal amount of THF and was
precipitated into aqueous NH4PF6 solution, ﬁltered oﬀ, and washed
with water. After drying the dyad D2 was obtained as a red powder
(isolated yield: 0.003 g, 40%). 1H NMR (600 MHz, CD2Cl2): δ 9.06−
8.14 (br, p217), 8.10 (br, Ru), 8.00 (br, Ru), 7.82 (br, Ru), 7.69 (br,
Ru), 7.54 (br, Ru), 7.48 (br, Ru), 7.65−6.68 (br, p217), 6.21−5.91 (br,
linker), 4.46−3.76 (br, p217), 3.18−1.70 (br, p217), 1.47−1.00 (br,
p217), 0.99−0.51 (br, p217).
[Ru(dqp)(dqp-ph-tr-p217)][PF6]2 (D3). A microwave vial was
charged with N3-p217 (0.015 g, 0.003 mmol, 1 equiv) and 4 (0.009
g, 0.008 mmol, 3 equiv), sealed, and place under a nitrogen
atmosphere. Then dry DMF (1.0 mL), a solution of copper(I)
bromide (0.001 g, 0.005 mmol, 2 equiv) in DMF (0.1 mL), and a
solution of PMDETA (0.02 mL, 0.24 M in DMF) were added.
Subsequently, the reaction mixture was stirred at room temperature.
The reaction progress was monitored by TLC (aluminum oxide,
CH2Cl2/MeOH 95/5) and analytical size exclusion chromatography
(DMAc + 0.08% NH4PF6, diode array detection). After 16 h the
solution was concentrated under reduced pressure, and the crude
product was redissolved in CH2Cl2 and water. The organic layer was
separated, and the aqueous layer was extracted two times with CH2Cl2.
The organic extracts were combined, excess of solvent was removed
under reduced pressure, and the crude product was puriﬁed by column
chromatography (amino-functionalized silica; eluent: CH2Cl2/MeOH
98/2). The dyad D3 was obtained as red solid (0.013 g, 71%). 1H
NMR (600 MHz, CD2Cl2): δ 8.67−8.14 (br, p217), 8.23 (br, Ru), 8.02
(br, Ru), 7.94 (br, Ru), 7.90 (br, Ru), 7.86 (br, Ru), 7.74 (br, Ru), 7.62
(br, Ru), 7.46 (br, Ru), 7.14 (br, Ru), 7.08 (br, Ru), 7.04 (br, Ru),
7.51−6.90 (br, p217), 5.57−5.40 (br, linker), 4.10−3.74 (br, p217),
2.11−1.62 (br, p217), 1.62−1.39 (br, p217), 1.36−0.97 (br, p217),
0.90−0.60 (br, p217).
[Ru(dqp)(dqp-O-bn)][PF6]2 (C1). A microwave vial was charged
with [Ru(dqp)(dqp-OH)][PF6]2 (0.008 g, 0.007 mmol), potassium
iodide (0.005 g, 0.030 mmol), and K2CO3 (0.004 g, 0.030 mmol),
sealed, and placed under a nitrogen atmosphere. Subsequently, dry
DMF (1 mL) and a solution of benzyl chloride in DMF (0.082 mL,
0.27 M) were added via a syringe. The resulting mixture was stirred at
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60 °C, until TLC analysis (silica, eluent: acetonitrile/H2O/KNO3 (aq)
40/4/1) showed complete conversion. After 16 h, the reaction mixture
was allowed to cool to room temperature and was precipitated into an
aqueous NH4PF6 solution. The red precipitate was ﬁltered oﬀ, washed
with water, and redissolved in acetonitrile. Then the solvent was
evaporated under reduced pressure, and the crude product was
puriﬁed by ﬂash column chromatography (diol-functionalized silica;
eluent: CH2Cl2/MeOH 95/5). Finally, diﬀusion-controlled crystal-
lization with acetonitrile and diethyl ether gave the desired complex
(0.007 g, 75%). 1H NMR (600 MHz, CD3CN): δ 8.15 (t, J = 8.0 Hz,
1H), 8.12 (dd, J = 5.1, 1.3 Hz, 2H), 8.10−8.04 (m, 6H), 7.87 (d, J =
8.0 Hz, 2H), 7.73 (ddd, J = 17.5, 7.4, 1.1 Hz, 4H), 7.68 (ddd, J = 8.2,
5.0, 1.0 Hz, 4H), 7.54−7.49 (m, 4H), 7.49−7.40 (m, 7H), 7.06 (ddd, J
= 9.1, 8.2, 5.2 Hz, 4H), 5.40 (d, J = 11.4 Hz, 1H), 5.31 (d, J = 11.4 Hz,
1H). 13C NMR (151 MHz, CD3CN): δ 167.2, 159.6, 159.5, 158.6,
157.9, 147.7, 147.5, 138.9, 138.6, 138.4, 136.4, 134.1, 133.9, 132.9,
132.6, 131.7, 131.5, 129.9, 129.7, 129.1, 128.9, 127.8, 127.6, 123.0,
122.9, 116.0, 72.2. HR-ESI ([C53H36N6ORu]
2+) m/z: calcd: 437.0992;
found: 437.1020. Error: 4.9 ppm.
Note: the methylene protons of the benzyl group cause two
doublets (5.40 and 5.31 ppm), which is assigned to a restricted
conformational freedom and a resulting nonequivalence of the
protons.
[Ru(dqp)(dqp-ph-py-bn)](PF6)3 (C2). A microwave vial was charged
with [Ru(dqp)(dqp-ph-py)][PF6]2 (0.010 g, 0.008 mmol), potassium
iodide (0.003 g, 0.017 mmol), and acetonitrile (0.5 mL), sealed, and
placed under a nitrogen atmosphere. Subsequently, a solution of
benzyl chloride in DMF (0.062 mL, 0.27 M) was added via a syringe,
and the reaction mixture was heated to 70 °C, until TLC analysis
(silica; eluent: acetonitrile/H2O/KNO3 (aq) 40/4/1) showed complete
conversion. After 16 h, the reaction was allowed to cool to room
temperature and was precipitated into an aqueous NH4PF6 solution.
The aqueous solution was extracted three times with dichloromethane,
and the combined organic layers were washed with water and brine.
After drying over Na2SO4 the solvent was evaporated under reduced
pressure, and the crude product was puriﬁed by ﬂash column
chromatography (amine-functionalized silica; eluent: CH2Cl2/MeOH
95/5). The desired complex was isolated as a dark red solid (0.011 g,
92%). 1H NMR (600 MHz, CD3CN): δ 8.80 (d, J = 7.0 Hz, 2H), 8.35
(d, J = 7.0 Hz, 2H), 8.22−8.16 (m, 4H), 8.14 (dd, J = 5.1, 1.4 Hz, 2H),
8.12 (s, 1H), 8.11−8.07 (m, 7H), 7.92 (m, 4H), 7.75 (dd, J = 7.4, 1.1
Hz, 2H), 7.74−7.68 (m, 4H), 7.55−7.43 (m, 10H), 7.12−7.03 (m,
4H), 5.74 (s, 2H). 13C NMR (151 MHz, CD3CN): δ 159.5 (2×),
158.3, 157.7, 156.6, 148.8, 147.6, 147.5, 145.5, 140.6, 139.2, 138.6
(2×), 136.2, 134.5, 134.1 (2×), 134.0, 132.8, 132.7, 131.7, 131.6,
130.8, 130.5, 130.2, 130.1, 130.0, 129.7, 129.0, 127.8 (2×), 127.6,
127.5, 126.5, 126.4, 123.1, 123.0, 64.7. HR-ESI ([C64H44N7Ru]
3+) m/
z: calcd: 337.4228, found: 337.4250. Error: 4.7 ppm.
[Ru(dqp)(dqp-ph-tr-bn)][PF6]2 (C3). A microwave vial was charged
with [Ru(dqp)(dqp-ph-CC−H)] (0.008 g, 0.007 mmol) and
copper(I) bromide (0.002 g, 0.014 mmol), sealed, and placed under
a nitrogen atmosphere. Subsequently, dry DMF (1 mL), a solution of
PMDETA in DMF (0.058 mL, 0.24 M), and a solution of benzyl azide
in CH2Cl2 (0.028 mL, 0.5 M) were added via a syringe. Then the
reaction mixture was heated at 60 °C, until TLC analysis (silica;
eluent: acetonitrile/H2O/KNO3 (aq) 40/4/1) showed complete
conversion. After 16 h, the reaction mixture was allowed to cool to
room temperature and precipitated into an aqueous NH4PF6 solution.
The red precipitate was ﬁltered oﬀ, washed with water, and redissolved
in acetonitrile. Subsequently the solvent was evaporated under reduced
pressure, and the crude product was puriﬁed via ﬂash column
chromatography (amine-functionalized silica; eluent: CH2Cl2/MeOH
95/5). The complex was isolated as a dark red solid (0.008 g, 84%).
1H NMR (600 MHz, CD3CN): δ 8.26 (s, 1H), 8.17 (dd, J = 9.3, 6.7
Hz, 1H), 8.15 (s, 2H), 8.14 (dd, J = 5.1, 1.3 Hz, 2H), 8.08 (dd, J = 2.3,
1.3 Hz, 3H), 8.07 (s, 3H), 8.06−8.01 (m, 4H), 7.90 (dt, J = 7.9, 1.9
Hz, 4H), 7.74 (dd, J = 7.4, 1.1 Hz, 2H), 7.72−7.68 (m, 4H), 7.52−
7.43 (m, 4H), 7.44−7.35 (m, 4H), 7.06 (ddd, J = 8.7, 7.5, 4.8 Hz, 4H),
5.62 (s, 2H). 13C NMR (151 MHz, CD3CN): δ 159.5, 159.4, 158.0,
157.7, 149.9, 147.6, 147.5, 147.3, 139.1, 138.5 (2×), 136.7, 136.2,
134.4, 133.9 (2×), 132.8 (2×), 131.5 (2×), 129.9, 129.4, 129.0, 128.9,
127.8, 127.7, 127.6, 127.5, 127.1, 126.0, 123.0, 122.9, 122.6, 54.5. HR-
ESI ([C61H41N9Ru]
2+) m/z: calcd: 500.6259, found: 500.6272. Error:
1.0 ppm.
■ RESULTS AND DISCUSSION
The modular assembly of the dyads relies on two stages, i.e., the
individual preparation of the functional building blocks and
their covalent coupling by polymer-analogous reactions.
Preparation of Building Blocks. The styrenic naphtha-
lene diimide (NDI) 2 was prepared from 1,4,5,8-naphthalene-
tetracarboxylic dianhydride by an optimized two-step synthesis
compared to our previous reported method (Scheme 1).10 The
procedure requires fewer synthetic steps and only one
chromatographic puriﬁcation step, which results in signiﬁcantly
improved yields (50% compared to 10%): First, the monoimide
was prepared by the reaction of the dianhydride with 2-
ethylhexylamine in DMF under microwave irradiation.32 The
crude product 1 contained approximately 20% bis-alkylated
product but was used without further puriﬁcation. Next, the
styrenic group was introduced by the reaction of compound 1
with an excess of 4-aminostyrene in pyridine in the presence of
zinc(II) sulfate as described for similarly functionalized NDIs.33
The styrenic monomer 2 was polymerized by nitroxide-
mediated polymerization (NMP) using the functional initiator
CMSt-TIPNO (Scheme 1) as reported previously.10 Because of
the similar solubility of monomer and polymer, the removal of
Scheme 1. Synthesis of Monomer 2 and Subsequent Polymerization and Postpolymerization Modiﬁcationa
aReagents and conditions: (i) DMF, microwave irradiation, N2, 75 °C (5 min), 140 °C (15 min); (ii) 4-aminostyrene, ZnSO4·1H2O, pyridine, reﬂux,
4 h; 50% over both steps; (iii) CMSt-TIPNO, anisole, N2, 120 °C, 17 h; (iv) NaN3, DMF, N2, 60 °C, 48 h.
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unreacted monomer was performed by preparative size-
exclusion chromatography (Bio-Beads S-X1). The obtained
polymer was characterized by analytical size exclusion
chromatography and revealed a molar mass of 6400 g/mol
(PS calibration) with a low dispersity (Đ = 1.11). The 1H NMR
spectrum shows the typical broad NDI resonances in the
aromatic region, whereby the resonance of the distinct
chloromethyl group (around 4.6 ppm) enables the determi-
nation of the degree of polymerization and to monitor the
progress of the functionalization reactions (vide inf ra). The
chloromethyl group of Cl-p217 (the subscripted number
represents the degree of polymerization according to NMR)
was converted into the azide functionality. Note that p217 refers
in the following to the polymer with the initiator’s benzyl unit
except the end group (chlorine, azide, or a ruthenium fragment;
vide inf ra). The reaction was performed with sodium azide in
DMF at 60 °C, resulting in a quantitative substitution of the
chloride as judged from the shift of the methylene proton
resonances in the 1H NMR of N3-p217 (from 4.6 to 4.4 ppm).
The azide functionality was further conﬁrmed by IR data,
showing the appearance of the typical band at 2100 cm−1 (see
Supporting Information). The analysis of pNDIs by mass
spectrometry proved to be challenging applying standard
conditions.10 However, tuning the MALDI conditions enabled
the identiﬁcation of a characteristic series with the NDI
repeating unit (480 amu). The centers of the unresolved
isotope peaks can be assigned to specimen formed by nitroxide
cleavage; i.e., the fragments carry the characteristic end groups
(Cl or N3) for the corresponding polymers (see Supporting
Information). The comparison of the SEC data revealed
negligible diﬀerences in molar mass and dispersity and, thus,
indicates the absence of polymer degradation and undesired
couplings during the azide functionalization (see Supporting
Information).
The hydroxyl-decorated Ru complex (3) was synthesized
according to a literature procedure,9 whereas the functional
complexes 4 and 5 were prepared by a “chemistry-on-the-
complex” approach (Scheme 2). This methodology allows a
simple preparation from reported [Ru(dqp)(dqp-ph-Br)]-
[PF6]2. The alkyne functionality was introduced by Sonogashira
cross-coupling in DMF/Et3N with Pd(PPh3)4 as catalyst. After
deprotection with tetrabutylammonium ﬂuoride, the desired
complex 4 was obtained in excellent yield (90%). The
corresponding pyridine-equipped complex 5 was prepared by
Suzuki cross-coupling using 4-pyridineboronic acid in 67%
yield. The apparent lower yield of 5 is attributed to losses
during puriﬁcation and isolation of the pure product. Both new
complexes were characterized by 1D and 2D NMR spectros-
copy and HR-MS (see Supporting Information).
Scheme 2. Synthesis of Functional Ruthenium Complexes 4 and 5a
aReagents and conditions: (i) TIPS−CC−H, Pd(PPh3)4, CuI, Et3N, DMF, N2, 60 °C, 16 h, Bu4NF, THF, MeOH, RT, overnight, 90% isolated
yield; (ii) 4-pyridineboronic acid, Pd(dba)2, SPhos, K2CO3, CH3CN, H2O, 100 °C, 16 h, 67% isolated yield.
Scheme 3. Synthesis of Reference Complexes C1−C3 and the Respective Dyads D1−D3a
aReagents and conditions: (i) K2CO3, KI, DMF, N2, 60 °C, 72 h; (ii) KI, KPF6, CHCl3, CH3CN, N2, 70 °C, 96 h; (iii) CuBr, PMDETA, DMF, N2,
RT, 16 h. Gray dashed line illustrates the newly formed bond.
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Modular Assembly. Three diﬀerent linkage reactions were
investigated for the synthesized telechelic polymers and
functionalized ruthenium complexes. A series of P−Am dyads
(Scheme 3) were prepared, i.e., Williamson ether synthesis
from a hydroxyl group (top), quaternization of a pyridine unit
(middle), and CuAAC reaction of a terminal alkyne (bottom).
Additionally, the corresponding benzylated complexes (C1−
C3) were synthesized analogously to the dyads, in order to
serve as proper reference complexes for the quantitative
emission quenching studies (vide inf ra). The comparable yields
of the latter references complexes indicate the eﬃciency of the
postpolymerization reactions, which will be detailed in the
following paragraph.
Method Development (Nucleophilic Substitutions). The
reaction of complex 3 and pNDI was reported previously;10
however, the reaction with Cl-p217 gave only low conversions
to dyad D1 and a more complicated puriﬁcation procedure
upon applying the reported conditions (Scheme 3, top). The
reaction progress was monitored by thin-layer chromatography
(TLC) and analytical size-exclusion chromotagraphy (SEC),
which revealed no further conversion after 1 day. Hence,
potassium iodide was added to enhance the reactivity in
analogy to the Finkelstein reaction, which led to signiﬁcantly
increased conversion. Surprisingly, the reported puriﬁcation
protocol resulted in an incomplete separation of D1 from
complex 3. This observation is rationalized by a decreased net
polarity diﬀerence, which shifts the subtle balance between
solubilization (promoted by the pNDI fragment) and retention
(caused by the dicationic Ru complex fragment) unfavorably.
Consequently, the shorter polymer chains of p217 (6400 g/
mol) vs. reported pNDI (9000 g/mol)10 would lead to a
dominating contribution of the RuII, in line with the
aforementioned diﬃculties to remove complex 3. Although
the excess of nonfunctionalized polymer is readily removed by
column chromatography on aluminum oxide (eluent: CH2Cl2/
MeOH 18/1), the corresponding chromatography on silica
revealed as nonsuitable. Organic solvent mixtures as used
previously lead to no elution, which is attributed to the stronger
interaction of the dicationic RuII fragment to silica. Using
typical eluent systems for RuII complexes (a mixture of
acetonitrile and aqueous potassium nitrate) resulted in severe
streaking and coelution (attributed to solubility issues of the
pNDI). Hence, we tested amino- and diol-functionalized silica
gels, which are commercially available and beneﬁt from a
reduced surface polarity. This stationary phase can be run with
all common solvents (mixtures) as eluents and, indeed, allowed
Figure 1. COSY NMR (600 MHz, CD2Cl2) of D1 with typical resonances of the polymer (red), the complex’s ligand scaﬀold (blue), and the linker
(black).
Figure 2. MALDI-ToF MS of D1 with proposed structure of the fragments and with experimental (red) and calculated (black) isotopic pattern
(matrix: dithranol + NaTFA).
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the successful separation. Notably, no counterion exchange is
necessary and thus facilitates the puriﬁcation over the
traditional eluent systems used on silica.34 The 1H NMR
spectrum of D1 is well resolved and agrees with the previous
report;10 i.e., it clearly conﬁrms the characteristic shift of the
bridging methylene protons in comparison to Cl-p217 (4.57
ppm to 5.57 ppm) and the presence of the ligand scaﬀold of the
Ru(II) fragment (Figure 1).
Further reoptimization of the mass spectrometry conditions
led to the successful analysis by MALDI-ToF MS (Figure 2).
The spectrum shows a peak distribution with the mass
diﬀerence (Δm = 480 g/mol) of a naphthalene diimide unit.
Although no isotope-resolved spectra could be obtained, the
peaks can be assigned to a species generated by the
fragmentation of the TIPNO group (see also Supporting
Information).
An alternative nucleophilic substitution reaction was
investigated for Cl-p217 and the 4-pyridyl-decorated complex
(5). As stated above, the reaction showed almost no conversion
after 24 h at 50 °C. Therefore, potassium iodide and potassium
hexaﬂuorophosphate (as a source of non-nucleophile counter-
ions to prevent the potential cleavage of the pyridinium) were
added, and the temperature was raised to 70 °C. After 2 days,
the quantitative conversion of complex 5 was achieved
according to 3D SEC (see Supporting Information). The
excess of polymer was removed by column chromatography on
aluminum oxide to yield D2 (40%). The apparent low yield
arises from the small reaction scale and losses upon sampling.35
The 1H NMR spectrum conﬁrmed the successful linkage on the
basis of the shifts of the bridging methylene protons to 6 ppm
(see Supporting Information). An intense fragmentation of D2
was detected in the MALDI-ToF MS spectrum (see Supporting
Information). The major series displays the typical spacing of
the NDI repeating unit indicating the absence of the Ru
fragment, as judged from the narrow peaks. This series can be
rationalized by the typical elimination of the TIPNO group
occurring at one polymer chain terminus (as also observed for
the nonfunctionalized polymer), whereas the other chain
terminus would correspond to C7H8. The latter fragment can
be explained by the fragmentation of the pyridinium−RuII
subunit (+3). Thereby, the carbon−nitrogen bond of the
benzylpyridinium moiety is cleaved, and a singly charged
polymer fragment is formed (Figure 3). Subsequently the
rearrangement and the elimination of ethyne lead to a
cyclopentadienyl cation as the dominant detected species,
which is well-known for benzylic compounds.36 Additionally, a
second series appears at low molar masses in the mass
spectrum. Surprisingly, this distribution indicates doubly
charged specimen (Δm = 240 g/mol) and is tentatively
assigned to the dyad after cleavage of the nitrogen−oxygen
bond of the TIPNO (see Supporting Information).
Linkage via Triazole Formation. The dyad D3 was prepared
by copper(I)-catalyzed azide−alkyne cycloaddition of complex
4 with the azide-functionalized polymer N3-p217. The reaction
was carried out using a standard protocol with copper(I)
iodide, PMDETA, and DMF. After 16 h the reaction showed
full conversion of the polymer (checked by TLC and SEC), and
the dyad D3 was isolated in good yields (71%) after column
chromatography (vide supra). The yield compared to the
observed full conversion of the polymer is attributed to losses
due to samples which were taken to monitor the reaction
progress. Consistent with the dyads D1 and D2, the successful
attachment of the complex at the polymer was proved by 1H
NMR spectroscopy, as the signals of the methylene protons of
the linker are shifted from 4.3 to 5.6 ppm. The dyad D3
exhibits the same fragmentation behavior in the MALDI-ToF
MS as D1, i.e., the nitrogen−oxygen bond of the TIPNO end
group is cleaved (see Supporting Information).
Electrochemistry. The electrochemical properties of the
dyads were analyzed by cyclic voltammetry using a standard
three-electrode setup. The ﬁrst cycle of each experiment was
used for the analysis of the electrochemical processes. This
approach ensures a clean electrode surface and prevents
contaminations from side products, which may inﬂuence the
measurement or alter the electrode’s surface due to irreversible
reactions.37−39 A detailed analysis of the raw electrochemical
data is further complicated due to the background signals; thus,
a correction by subtraction of a blank measurement was
executed to allow a more comprehensive analysis. The
deviations from the ideal peak shape, particularly of the weak
signals of the ruthenium fragment, are tentatively attributed to
additional contributing parameters, e.g., diﬀerent electron
transfer rates, reorientation of the polymer chain upon
accumulative charging, adsorption, etc. (see Figure 4 (left)
and Supporting Information). More importantly, the redox
couples can be assigned to the corresponding units and are
summarized in Table 1 (reported vs. Fc+/Fc0). The cyclo-
Figure 3. Proposed fragmentation of D2 including benzyl cleavage, resulting in the formation of a singly charged polymer species and subsequent
consecutive reactions.
Table 1. Electrochemical Data from Cyclovoltammetrya
Ered [V]
(NDI0/NDI−)
Ered [V]
(NDI−/NDI2−)
Eox [V]
(RuIII/RuII)
Ered [V]
(L0/L−)
Ered [V]
(L−/2−)
D1 −1.05 −1.51 +0.54 −1.83 n.d.
D2 −1.05 −1.50 +0.51 −1.74 −1.94
D3 −1.05 −1.52 +0.51 −1.79 −1.97
aE1/2 vs. Fc
+/0 in DMF containing 0.1 M TBAPF6 using a scan rate of
200 mV/s.
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voltammogram of D3 is exemplarily shown in Figure 4 (left)
with various scan rates. Two quasi-reversible reduction steps at
−1.0 and −1.5 V were clearly detected corresponding to the
naphthalene diimide units of the polymer. The asymmetry of
the reduction peaks is assigned to kinetic eﬀects besides the
diﬀusion-controlled electron transfer, e.g., conformational
changes within the polymer. The tailing of the anodic wave,
i.e., upon reoxidation of the NDI− units, is more pronounced
for faster scan rates and indicates the kinetic eﬀects of the
accumulative charging. In fact, any deviations become less
pronounced at slower scan rates (<500 mV/s). The reversible
oxidation of the ruthenium center was detected as a small signal
centered around 0.5 V. Interestingly, the respective potentials
are similar for all prepared dyads, indicating that the nature of
the linker has only a minor inﬂuence on the electrochemical
properties of the metal center. Additional redox waves were
observed at potentials below −1.51 V (Figure 4, right) and are
assigned to the reduction of the complex fragment. The ﬁrst
ligand-centered reduction occurs at typical electrochemical
potentials, i.e., between −1.74 and −1.83 V. Consequently, the
exact potential is more strongly inﬂuenced by the substituent,
i.e., the electron-donating ether bridge decreases the potential
(−1.83 V), while the electron-deﬁcient pyridinium moiety leads
to less negative potentials (−1.74 V). The same trend is found
for the second reduction step; however, this redox process was
not determined for D1 due to the necessary strong negative
potential. In the case of D2 an additional reduction of the
pyridinium unit is expected around −1.4 to −1.5 V, which is
probably overlapped by the intense NDI reduction.
Optical Spectroscopy. The steady-state optical properties
of the dyads enable the analysis of photoinitiated processes,
which will be related to the constituting functional building
blocks, i.e., the pNDI block and the RuII photosensitizer.
Thereby, the absorption spectra yield valuable information on
potential interactions (e.g., H- or J-aggregation), while emission
and excitation data detail both the properties as well as the
origin of the excited states and enable the discussion of energy
or electron transfer steps (vide inf ra). Previous studies have
identiﬁed the formation of the charge-separated state and the
quenching of the 3MLCT emission, accompanied by additional
polymer-based emissive states.10 More importantly, the
emission quantum yield serves as quantitative measure for the
eﬃciency of light-induced processes, e.g., charge separation.
Absorption Spectroscopy. The absorption spectra of the
model complexes (C1−C3) and the corresponding dyads
(D1−D3) are depicted in Figure 5. The UV region is
dominated by the intense absorption bands attributed to the
π → π* transitions of the NDI units (panel a). The spectral
Figure 4. Left: background corrected cyclovoltammogram of D1 showing two quasi-reversible reduction steps corresponding to the polymer (NDI0/
NDI− and NDI−/NDI2−) and one reversible oxidation attributed to the ruthenium (RuIII/RuII). Right: background corrected data of the negative
potential range enabling the detection of the reduction of the ligand scaﬀold (L0/L− and L−/L2−) (0.1 M TBAPF6, DMF, 500 mV/s). All shown
spectra were smoothed using a 10-point moving average ﬁlter to remove a systematic noise pattern. Artifacts and displacements (marked with an
asterisk) are caused by the applied analysis procedure (subtraction of the blank spectra without analyte).
Figure 5. Absorption data of the reference complexes (C1−C3) and the corresponding dyads (D1−D3) in dichloromethane. (a) UV−vis spectral
region illustrating the dominant UV absorption of the pNDI chains. (b) Inset of the MLCT region illustrating preserved optical properties of the Ru
photosensitizer (gray area depicts the low-energy tail of the pNDI absorption).
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shape resembles the spectrum of individual naphthalene
diimide units, e.g., absorption maxima centered at 360 and
380 nm. In line with a previous report, the absence of
additional detectable features indicates negligible NDI−NDI
interactions in solution, as expected upon aggregate formation
in solution.10 The visible region is governed by the Ru
photosensitizer (panel b). The reference complexes (C1−C3)
exhibit the typical metal-to-ligand charge transfer (MLCT)
bands centered at 500 nm. The enhanced absorptivity of
complexes C2 and C3 are attributed to the ligand’s extend π-
system, in agreement with a previous report.31 More
importantly, the spectral characteristics are preserved upon
attachment of the polymer chain. These ﬁndings corroborate
the electrochemical data and conﬁrm the modular character of
the photosensitizer−polymer assemblies, i.e., preserved optical
properties of the individual building blocks (see Supporting
Information).
Emission Spectroscopy. The reference complexes and
respective dyads were investigated by steady-state emission
spectroscopy under ambient conditions, i.e., in aerated
dichloromethane at room temperature using iso-absorbing
solutions at 500 nm excitation (Figure 6). The reference
complexes display the typical Ru-based emission from the
3MLCT state between 650 and 700 nm, which is slightly
aﬀected by the substitution pattern. In agreement with a
previous report,31 the electron-releasing alkoxy substitution
(C1) leads to a bathochromic shift of approximately 15 nm in
comparison to the π-extended phenyl-decorated complexes C2
and C3. In agreement with the energy gap law, i.e., the emission
decay is more eﬃcient for lower excited state energies within a
series,22 the absolute quantum yield of C1 is also signiﬁcantly
lower than for the phenyl-decorated congeners. More
importantly, the emission spectra of the corresponding dyads
diﬀer markedly from the reference complexes. In all cases, the
Ru emission is quenched and an additional emission centered at
550 nm is observed. A similar proﬁle of the high-energy
emission band is observed for the pristine pNDI and is
therefore attributed to polymer-based emissive states (vide
inf ra).10 The eﬃciency of the 3MLCT excited state quenching
(QMLCT) is calculated from the residual Ru-based emission with
respect to the corresponding reference complexes (Table 2).
Noteworthy, the contribution of the overlapping polymer-based
emission is accounted by subtracting a scaled pNDI spectrum,
as depicted in Figure 6a. Following this procedure, the
quenching eﬃciency was averaged between 650 and 700 nm
(see Supporting Information) to yield reliable values for C1
(86%), C2 (96%), and C3 (94%). Within the experimental
errors, the 3MLCT quenching appears to be independent of the
length of the linker.
The origin of the polymer-based emission was investigated in
more detail using diluted samples to circumvent inner ﬁlter
eﬀects in the previous data (vide supra). The UV−vis
absorption spectra of monomer 2, the nonfunctionalized
pNDI, and the Ru-decorated polymer retain the typical
absorption bands at 360 and 380 nm (Figure 7, panel a). In
comparison to the monomer, both polymer compounds show
decreased absorption at 380 nm as well as a slight tailing of the
bathochromic shoulder. In addition, signiﬁcant spectral shifts
are observed at shorter wavelength, i.e., decreased absorption
(<280 nm) and increased absorption (280−340 nm). These
observations suggest that a certain fraction of the NDI
chromophores experience a diﬀerent local environment, e.g.,
solvent excluded volume within the polymer. In addition, the
high local concentration and the spatial proximity of the NDI
units may lead to partial (transient) aggregation or stacking of
NDI units as commonly observed in solution.15,40−46 This
assignment is corroborated by the steady-state emission data
(Figure 7b). Upon excitation at 360 nm, the monomer displays
no detectable emission in line with related derivatives,14
whereas the corresponding polymer displays a pronounced
emission band around 413 nm. This observation is attributed to
interacting NDI units, similar to the reported J-aggregates
formed in solution.15 Additionally, the emission band around
550 nm is detected at high polymer concentrations (×30)
Figure 6. Emission data of the reference complexes and the corresponding dyads (aerated dichloromethane, room temperature, iso-absorbing
solutions at 500 nm excitation). Arrows indicate quenching of the 3MLCT emission (in %) of the dyad vs. the reference complex, respectively. Note
the lower emission intensity of C1 compared to C2 and C3 caused by a lower intrinsic quantum yield (not reported). (a) Ether-linked complex C1
complemented by polymer-based emission (D1: gray area; dotted line: pNDI) to illustrate residual MLCT contribution. (b, c) Pyridinium- and
triazole-linked congeners.
Table 2. UV−Vis Data of the Reference Complexes and
Dyadsa
λAbs (MLCT) [nm] λEm (MLCT) [nm] QMLCT [%]
C1 500 684
C2 500 670
C3 500 670
D1 496 684 86
D2 499 669 96
D3 500 669 94
aλAbs (MLCT) is the absorption maximum of the MLCT, λEm
(MLCT) is the emission maximum of the MLCT, and QMLCT is the
calculated quenching eﬃciency compared to the respective reference
complex.
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(Figure 7, right inset, or see Supporting Information), which is
reported for naphthalene diimide dimers (excimers) and their
subsequent emission.14,15,47−53 Apparently, upon higher con-
centrations more aggregated NDI specimen are formed and,
thus, result in an apparent bathochromic emission shift. The
corresponding excitation spectra recorded at 413 and 550 nm
detection, respectively, yield spectral proﬁles that are
signiﬁcantly broadened with respect to the absorption spectrum
(see Supporting Information). On the basis of all presented
experimental data, the absorption of a UV photon in the
nonfunctionalized polymer leads to either an excited NDI state
(in a stack or aggregate, emission at 413 nm) or an excimer
state (emission at 550 nm), which can undergo secondary
processes to populate emissive states that are not accessible for
isolated NDI units. For completion, the two-dimensional
excitation−emission plots corroborate the made assignments;
i.e., both polymer-based emissions show small Stokes shifts in
contrast to the substantial spectral shift arising from the Ru
emission (Supporting Information). In the case of the dyad
(D1), the emission intensity at 413 nm is decreased
signiﬁcantly in comparison to the nonfunctionalized polymer,
which is assigned to additional energy transfer processes
involving the Ru fragment. However, any Ru sensitization is
diﬃcult to discern due to the subsequent charge separation on
the basis of the steady-state data. Nevertheless, the quenching
of the UV-emission and the occurrence of the polymer-based
emission (vide supra) may open attractive avenues to sensitize
the Ru dye. Time-resolved measurements are in due course to
detail the associated rate constants for energy and electron
transfer. Noteworthy, the higher emission energy of the
polymer-based emission vs the MLCT emission corroborate
our previous detailed analysis of electron-transfer from the
energetically most favorable Ru-based excited state.10
■ CONCLUSION
The use of a commercial NMP initiator enabled the synthesis of
a well-deﬁned telechelic poly(naphthalene diimide). The chain
end was subsequently functionalized with a ruthenium(II)
photosensitizer employing three diﬀerent reactionstwo
nucleophilic substitutions and the CuAAC reaction. In addition
to the high conversion, the straightforward puriﬁcation of the
functional architectures using functionalized silica allowed the
facile isolation in good yields. All compounds were fully
characterized by NMR, MS, and SEC measurements, including
three reference complexes to detail the spectroscopic properties
of the prepared dyads.
The electrochemical potentials of the building blocks redox
processes are retained in the corresponding dyads; i.e., the
polymer shows two large quasi-reversible reduction waves at
−1.0 and −1.5 V, respectively. Additionally the reversible
oxidation of the ruthenium center was detected around +0.5 V,
whereas the reduction potential of the ligand scaﬀold is
inﬂuenced by the electron-deﬁcient or electron-donating nature
of the linker. The absorption spectra of the An−P dyads display
intense absorption bands centered at 360 and 380 nm, which
are based on the π → π* transitions of the NDI units, and the
typical MLCT band of the ruthenium photosensitizer at 500
nm. Steady-state emission spectroscopy revealed that the
MLCT emission of the ruthenium dye is eﬃciently quenched
in the dyads, attributed to charge separation between the RuII
center and a NDI acceptor. A quenching eﬃciency of >86% was
determined for the series of linkage pattern with respect to
corresponding reference complexes. Furthermore, additional
energy transfer processes involving the polymer and the
ruthenium dye were observed, which may be exploited for
future light harvesting processes.
In conclusion, the presented modular assembly of hierarchi-
cally deﬁned An−P dyads was achieved by eﬃcient coupling
reactions. More importantly, the long-lived excited state of the
photosensitizer is exploited to promote eﬃcient charge
separation irrespective of the ﬂexible saturated linkage pattern.
Because of the orthogonality of the presented methods, future
functional photoredox-active An−P−Dm architectures can be
envisioned and readily synthesized, including facile puriﬁcation
protocols.
■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.macro-
mol.5b02717.
Additional instrumental details and analytical data
(NMR, MS, SEC, UV−vis, and cyclic voltammetry) are
provided for completion (PDF)
Figure 7. (a) Normalized absorption spectra (at 360 nm, optical density approximately 0.1) of 2, N3-p217, and D1 in dichloromethane. (b) Emission
spectra (excitation at 360 nm) showing emission bands centered at 413 nm (solid line, left axis) and 550 nm (concentrated sample of N3-p217,
optical density at 360 nm 2.5, dashed line refers to right axis as indicated by arrow, excitation at 360 nm).
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Hydrophilic Poly(naphthalene diimide)-Based 
Acceptor–Photosensitizer Dyads: Toward 
Water-Processible Modular Photoredox-Active 
Architectures
Robert Schroot, Tina Schlotthauer, Michael Jäger,* Ulrich S. Schubert*
Hydrophilic naphthalene diimide based acceptor polymers are prepared by the incorporation 
of triethylene glycol or poly(ethylene glycol) side chains in the monomers and subsequent 
nitroxide-mediated polymerization (NMP). The kinetic investigation of the polymerization 
reveals a controlled chain growth as well as a narrow molar mass distribution. Due to the uti-
lization of a functional NMP initiator, a single Ru(II) photosensitizer unit is readily attached at 
the polymers chain terminus by a modular approach to construct water soluble photoredox-
active acceptor–photosensitizer dyads. The analysis of the 
optical properties by steady-state absorption and emission 
spectroscopy reveals preserved optical absorption properties 
of the individual building blocks, and, more importantly, an 
efficient quenching of the Ru(II) emission assigned to intra-
molecular charge transfer from the complex to the acceptor 
polymer. The results demonstrate the versatility of side chain 
modifications to prepare water-processible photoredox-active 
architectures under preservation of the modular character 
known from hydrophobic systems.
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harvesting and charge transport units.[1] In such devices 
the initial light absorption of the photosensitizer (P) leads 
to an excited state, followed by a primary charge separa-
tion and an additional separation and transport of the gen-
erated charges in the attached donor or acceptor moieties, 
i.e., p - or n-conducting building blocks. Finally, the gener-
ated charges are collected at an electrode or are consumed 
in a catalytic reaction.[2,5]
The presented approach toward photoredox-active 
architectures is based on a modular design, e.g., a ruthe-
nium-based photosensitizer and electron acceptor or 
donor polymers, which can be prepared separately and 
finally linked together. Hence, the individual parts can be 
optimized and a high flexibility in the final architecture 
is achieved. Recently, we demonstrated the suitability of 
this modular approach by the preparation of a series of 
1. Introduction
The conversion of sunlight into storable energy forms, 
e.g., electrical or chemical bond energy, can be realized 
in photoredox-active architectures consisting of light 
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acceptor–photosensitizer dyads[6] and, in addition, the 
desired charge separation was proved by spectroscopic 
studies.[7]
Besides the optical and electrochemical properties, the 
processability and the control of the morphology play 
a crucial role with respect to the fabrication of working 
devices. Therefore, the introduction of hydrophilic phase-
forming moieties in the applied polymers is a potent 
strategy to guarantee the solubility in environmen-
tally friendly polar solvents, e.g., water or alcohols,[8–13] 
to allow the application of orthogonal solvents in the 
layer-by-layer processes[11] and to control the morphology 
by self-assembly of the macromolecules.[14–19]
In this contribution, the synthesis of oligo- and poly-
(ethylene glycol) (PEG) decorated naphthalene diimide 
(NDI)-based styrenic polymers is presented in order to 
increase the hydrophilicity of acceptor–photosensitizer 
dyads and, thereby, the solubility and processability in 
polar solvents in comparison with the alkyl-substituted 
analogs.[6] The versatility of the general scope is demon-
strated by kinetic investigations of the nitroxide-mediated 
polymerization (NMP) polymerization and the modular 
construction of a hydrophilic acceptor–photosensitizer 
dyad (A−P dyad) using a ruthenium(II) complex. The influ-
ence of the PEG substitution on the synthetic procedure as 
well as the physical and optical properties is investigated 
with respect to the preservation of the modular character.
2. Experimental Section
All reagents were purchased from ABCR, Acros Organics, Alfa 
Aesar, Apollo Scientific, Sigma-Aldrich, or TCI chemicals, and 
were used without further purification unless otherwise noted. 
Dry pyridine and dry N-N-dimethylformamide (DMF) were 
commercially available. All solvents were degassed before use. 
Methoxytriethylene glycol amine (MTEG-NH2) was prepared 
according to literature procedures following a Gabriel synthesis 
protocol[20,21] and subsequent hydrazinolysis.[21,22] Methoxypoly-
(ethylene glycol) amine 550 (MPEG-NH2 550) was prepared by 
Staudinger reaction according to the literature.[23] [Ru(dqp)
(dqpOH)][PF6]2
[24] (dqp is 2,6-di(quinolin-8-yl)pyridine, dqp-OH is 
4-hydroxy-2,6-di(quinolin-8-yl)pyridine) and [Ru(dqp)2][PF6]2
[25] 
were prepared as described previously.
2.1. N-(MTEG)-naphthalene-1,8-dicarboxyanhydride-
4,5-dicarboxyimide (3)
A vial was charged with 1,4,5,8-naphthalenetetracarboxylic 
dianhydride (0.657 g, 2.451 mmol), methoxytriethylene glycol 
amine (0.400 g, 2.451 mmol), and dry DMF (17 mL). After the vial 
was capped and flushed with nitrogen for 20 min, the brown sus-
pension was homogenized by ultrasound sonication for 10 min. 
Afterward, the vial was heated 5 min at 75 °C and 15 min at 
140 °C under microwave irradiation. Subsequently, the solvent 
was removed under reduced pressure and CH2Cl2 as well as 
water were added and the phases were separated. The aqueous 
phase was extracted five times with CH2Cl2 (5 × 50 mL). The com-
bined organic layers were concentrated and the crude product 
was used without further purification (0.870 g, 86%, purity ≈80% 
according to NMR, impurities by bisfunctionalized diimide). 1H 
NMR (300 MHz, CDCl3): δ 8.82 (s, 4H, NaphH), 4.55–4.41 (m, 2H, 
CH2), 3.90–3.82 (m, 2H, CH2), 3.76–3.68 (m, 2H, CH2), 3.68–3.53 (m, 
4H, CH2), 3.53–3.43 (m, 2H, CH2), 3.32 (s, 3H, CH3).
2.2. N-(MTEG)-N′-(vinylphenyl)-naphthalene-1,4,5, 
8-dicarboxydiimide (1)
Crude N-(MTEG)-naphthalene-1,8-dicarboxyanhydride-4,5-dicar-
boxyimide (0.870 g, 1 eq.), 4-aminostyrene (0.301 g, 1.2 eq, 
2.530 mmol), and ZnSO4⋅1H2O (0.227 g, 0.6 eq, 1.263 mmol) were 
dissolved in dry pyridine (15 mL) under nitrogen. The mixture 
was heated to reflux for 4 h. The crude product was precipitated 
in 1 M HCl (120 mL), filtered off, and washed with water. The solid 
was redissolved in CH2Cl2, washed with water as well as brine, 
dried over Na2SO4, and the solvent was removed under reduced 
pressure. Purification by column chromatography (silica, CH2Cl2) 
gave the product as bright yellow solid (0.585 g, 54%). 1H NMR 
(300 MHz, CDCl3): δ 8.79 (s, 4H, NaphH), 7.61 (d, J = 8.4 Hz, 2H, 
ArH), 7.30 (d, J = 8.4 Hz, 2H, ArH), 6.81 (dd, J = 17.6, 10.9 Hz, 1H, 
CH = CH2), 5.84 (d, J = 17.6 Hz, 1H, CH = CH2-trans), 5.37 (d, J = 10.9 
Hz, 1H, CH = CH2-cis), 4.48 (t, J = 5.9 Hz, 2H, CH2), 3.87 (t, J = 5.8 Hz, 
2H, CH2), 3.67–3.55 (m, 4H, CH2), 3.53–3.44 (m, 2H, CH2), 3.33 (s, 
3H, CH3). 
13C NMR (63 MHz, CDCl3): δ 163.1, 163.0, 138.7, 136.1, 
134.0, 131.5, 131.2, 128.7, 127.4, 127.2, 127.0, 126.9, 115.6, 72.0, 
70.8, 70.7, 70.3, 67.9, 59.0, 39.8. HR-ESI ([C29H26N2O7]Na
+) m/z: 
calc: 537.1632, found: 537.1629, Error: 0.7 ppm.
2.3. N-(MPEG 550)-naphthalene-1,8-dicarboxyanhydride-
4,5-dicarboxyimide (4)
A vial was charged with 1,4,5,8-naphthalenetetracarboxylic 
dianhydride (0.488 g, 1.818 mmol), MPEG-NH2 550 (1.000 g, 
1.818 mmol), and dry DMF (20 mL). After the vial was capped 
and flushed with nitrogen for 20 min, the brown suspension was 
homogenized by ultrasound sonication for 10 min. Afterward, 
the vial was heated 5 min at 75 °C and 15 min at 140 °C under 
microwave irradiation. Subsequently, the solvent was removed 
under reduced pressure, CH2Cl2 and water were added, and the 
phases were separated. The aqueous phase was extracted five 
times with CH2Cl2. The combined organic layers were concen-
trated and the crude product was used without further puri-
fication (1.600 g, quantitative, purity ≈75% according to NMR, 
impurities by DMF and bisfunctionalized diimide). 1H NMR 
(300 MHz, CDCl3): δ 8.82 (s, 4H, NaphH), 4.57–4.37 (m, 2H, CH2), 
3.90–3.82 (m, 2H, CH2), 3.79–3.41 (m, 48H, CH2), 3.38 (s, 3H, CH3).
2.4. N-(MPEG 550)-N′-(vinylphenyl)-naphthalene-1,4,5,8-
dicarboxydiimide (2)
Crude N-(MPEG 550)-naphthalene-1,8-dicarboxyanhydride-4,5-di-
carboxyimide (1.000 g, 1 eq.), 4-aminostyrene (0.174 g, 1.2 eq, 
1.463 mmol), and ZnSO4⋅1H2O (0.131 g, 0.6 eq, 0.732 mmol) were 
dissolved in dry pyridine (30 mL) under nitrogen. The mixture 
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was heated to reflux overnight. The crude product was diluted 
with CH2Cl2, filtered, and concentrated under reduced pressure. 
Due to the high polarity of the compounds, the pure product 
(dark green to brown oil) was isolated by preparative size-
exclusion chromatography (SEC) (Bio-Beads S-X3) and not by a 
silica column (0.690 g, 62%). 1H NMR (300 MHz, CDCl3): δ 8.78 (s, 
4H, NaphH), 7.60 (d, J = 8.5 Hz, 2H, ArH), 7.29 (d, J = 8.5 Hz, 2H, 
ArH), 6.80 (dd, J = 17.5, 11.0 Hz, 1H, CH = CH2), 5.84 (d, J = 17.5 Hz, 
1H, CH = CH2-trans), 5.35 (d, J = 11.0 Hz, 1H, CH = CH2-cis), 
4.54–4.36 (m, 2H, CH2), 4.01–3.79 (m, 2H, CH2), 3.79–3.46 (m, 
42H, CH2), 3.37 (s, 3H, CH3). 
13C NMR (101 MHz, CDCl3): δ 163.0, 
162.8, 138.6, 136.0, 133.8, 131.4, 131.1, 128.6, 127.3, 127.0, 126.9, 
126.8, 115.5, 71.9, 70.6 (2×), 70.5, 70.1, 67.8, 59.0, 39.6. MS (matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF), 
dithranol) m/z: 933.4 ([C22H11N2O4(C2H4O)12CH3]+Na
+). Note that 
some batches still contained NDI-(MPEG 550)2 as minor impu-
rity, as this side product is hard to separate from the monomer 
in larger batches (see the Results and Discussion section and 
Figure S14 in the Supporting Information). This byproduct was 
expected and proved to be inert in the polymerization (vide infra).
2.5. General Polymerization Procedure
A glass tube equipped with a septum and an external over-
head flushing with nitrogen was used for the polymerizations 
(Figure S1, Supporting Information). The reaction vessel was 
charged with monomer, initiator and solvent, purged with 
nitrogen for 20 min and placed in a preheated oil bath (120 °C). 
The purification is described for each polymer. Experimental con-
ditions and analytical data are given in Table 1.
Cl-P18 was prepared according to the general procedure using 
1 (0.200 g, 0.389 mmol), N-(tert-butyl)-O-(1-(4-(chloromethyl)
phenyl)ethyl)-N-(2-methyl-1-phenylpropyl)hydroxylamine 
(CMSt-TIPNO) (0.007 g, 0.019 mmol) and anisole (1.2 mL). After 
24 h the reaction mixture was diluted with CH2Cl2 and unreacted 
monomer was removed by preparative SEC (Bio-Beads S-X1, 
CH2Cl2). The polymer was obtained as brown solid after precipi-
tation in MeOH. Yield: 0.050 g. SEC (CHCl3/i-PrOH /NEt3 94/2/4, 
polystyrene (PS) calibration): Mn = 4900 g mol
–1, Ð = 1.11. 1H NMR 
(300 MHz, CDCl3): δ 9.14–8.09 (br), 7.90–6.73 (br), 4.87–4.09 (br), 
3.90–3.70 (br), 3.70–3.60 (br), 3.60–3.45 (br), 3.45–3.35 (br), 3.35–
3.11 (br). 2.96–0.13 (br).
Cl-P116 was prepared according to the general procedure using 
1 (0.286 g, 0.556 mmol), CMSt-TIPNO (0.010 g, 0.028 mmol), and 
anisole (1.65 mL). Samples were taken for SEC and NMR analysis. 
After 48 h the reaction mixture was diluted with CH2Cl2 and 
unreacted monomer was removed by preparative SEC (Bio-Beads 
S-X1, CH2Cl2). Yield: 0.125 g. SEC (CHCl3/i-PrOH/NEt3 94/2/4, PS 
calibration): Mn = 7900 g mol
–1, Ð = 1.13.
Cl-P210 was prepared according to the general procedure using 
2 (0.120 g, 0.130 mmol), CMSt-TIPNO (0.002 g, 0.006 mmol), and 
anisole (0.5 mL). After 25 h the reaction mixture was diluted with 
CH2Cl2 and unreacted monomer was removed by preparative SEC 
(Bio-Beads S-X1, CH2Cl2). The polymer was obtained as brown 
solid after precipitation in pentane. Yield: 0.062 g. SEC (CHCl3/i-
PrOH/NEt3 94/2/4, PS calibration): Mn = 16 000 g mol
–1, Ð = 1.26. 
1H NMR (300 MHz, CDCl3): δ 9.28–8.01 (br), 8.01–6.70 (br), 4.95–
4.09 (br), 4.09–3.45 (br), 3.45–3.15 (br), 2.96–0.67 (br).
Cl-P28 was prepared according to the general procedure using 
2 (0.420 g, 0.457 mmol), CMSt-TIPNO (0.009 g, 0.023 mmol), and 
anisole (1.0 mL). After 18 h the reaction mixture was diluted with 
CH2Cl2 and unreacted monomer was removed by preparative SEC 
(Bio-Beads S-X1, CH2Cl2). The polymer was obtained as brown 
solid after precipitation in pentane. Yield: 0.152 g. SEC (CHCl3/i-
PrOH/NEt3 94/2/4, PS calibration): Mn = 14 000 g mol
–1, Ð = 1.14.
Cl-P211 was prepared according to the general procedure using 
2 (containing 8% NDI-(MPEG 550)2,
[26] 0.700 g, 0.685 mmol), CMSt-
TIPNO (0.013 g, 0.034 mmol), and anisole (2.5 mL). Samples were 
taken for SEC and NMR analysis. After 72 h the reaction mixture 
was diluted with CH2Cl2 and unreacted monomer was removed 
by preparative SEC (Bio-Beads S-X1, CH2Cl2). The polymer was 
obtained as brown solid after precipitation in pentane. Yield: 
0.110 g. SEC (CHCl3/i-PrOH/NEt3 94/2/4, PS calibration): Mn = 16 
700 g mol–1, Ð = 1.28.
2.6. End Functionalization Procedure
Ru-P210. A vial was charged with Cl-P210 (0.020 g, 0.0015 mmol, 
1 eq.), K2CO3 (0.001 g, 0.006 mmol, 4 eq.), KI (0.001 g, 0.006 mmol, 
4 eq.), and [Ru(dqp)(dqpOH)][PF6]2 (0.003 g, 0.003 mmol, 2 eq.). 
Then, the vial was sealed, evacuated, and flushed with nitrogen. 
Dry DMF (0.5 mL) was added and the resulting solution was 
heated to 60 °C. The reaction progress was monitored by thin 
layer chromatography (TLC) (aluminum oxide, CH2Cl2/MeOH 
95/5) and analytical size exclusion chromatography (DMAc + 
0.08% NH4PF6, diode array detection). The reaction was continued 
until no further conversion was monitored (96 h). The mixture 
was diluted with a minimum amount of tetrahydrofuran (THF). 
The following precipitation into aqueous NH4PF6 solution was 
not successful. For this purpose, the solvent was removed under 
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Table 1. Prepared polymers as well as experimental conditions and analytical data.
Entry Polymera) Monomer M/I Mn [g mol
–1]b) Ð
1 Cl-P18 l 20 4900 1.11
2 Cl-P116 l 20 7900 1.13
3 Cl-P210 2 20 16 000 1.26
4 Cl-P28 2 20 14 000 1.14
5 Cl-P211 2 20 16 700 1.28
a)All reactions were carried out in anisole with CMSt-TIPNO as initiator, the subscripted number represents the degree of polymerization 
determined by 1H NMR; b)Determined by SEC (chloroform/iso-propanol/triethylamine [94:2:4], PS calibration).
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Poly(N‑alkyl-3,6-carbazole)s via Kumada Catalyst Transfer
Polymerization: Impact of Metal−Halogen Exchange
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†Laboratory of Organic and Macromolecular Chemistry (IOMC) and ‡Center for Energy and Environmental Chemistry Jena (CEEC
Jena), Friedrich Schiller University Jena, 07743 Jena, Germany
*S Supporting Information
ABSTRACT: The preparation of poly(3,6-carbazole) via Kumada catalyst transfer polymerization (KCTP) is investigated and
analyzed in detail by mass spectrometry to explore the scope of the applied protocols. Namely, common magnesium reagents
were screened for the initial Grignard metathesis (GRIM) step and subsequently polymerized using [Ni(dppp)Cl2] (dppp is 1,3-
bis(diphenylphosphanyl)propane). The metal−halogen exchange was monitored by GC, while the polymers were characterized
by size exclusion chromatography (SEC) and 1H NMR spectroscopy. More importantly, the polymer end groups were
investigated by means of mass spectrometry and isotope analysis, which revealed signiﬁcant deviation from the chain-growth
character of related poly(3-hexylthiophene). It was found that standard Grignard reagents led to incomplete GRIM even under
extended reaction times and elevated temperatures, while the presence of LiCl greatly accelerated the metal−halogen exchange
and also the KCTP. According to end-group analysis of the obtained polymers, side reactions occur that are attributed and
explained in terms of catalyst dissociation and/or disproportionation. Namely, the replacement of the bromo-substituents by
either alkyl groups via transmetalation or hydrogen via β-hydride elimination was observed. Finally, quantitative metal−halogen
exchange was achieved using a magnesiate reagent, which also aﬀorded the corresponding polymer in good isolated yield (66%).
The end-group scrambling, dispersity, and observed molar masses support the proposed role of catalyst dissociation and/or
disproportionation, even in the absence of excess of residual Grignard reagent.
■ INTRODUCTION
The discovery of high electrical conductivity in doped
polyacetylene in 1977 by Shirakawa, Heeger, and MacDiarmid
initiated the interest in conjugated polymers as active materials
for optoelectronic applications, e.g., organic light-emitting
diodes (OLEDs), organic ﬁeld-eﬀect transistors (OFETs),
and organic photovoltaic cells and/or sensors. The practical
value of conjugated polymers beneﬁts from their adjustable
properties, e.g., deﬁned optical and electrical characteristics,
their ability for phase separation and self-assembly, and/or the
cost-eﬀective production and processing techniques.1−3 The
majority of conjugated polymers are based on thiophene,4−8
phenylene,9,10 ﬂuorene,11−16 or 2,7-carbazole,17,18 which are
conveniently obtained via metal-catalyzed polycondensation
reactions. Hence, relatively high conversions are required to
obtain high molar masses, concomitant with relatively high
dispersity (Đ ≥ 2) and often undeﬁned end groups. Notably,
the control of the end-group ﬁdelity has received recent
attention, e.g., to precisely adjust the electronic levels (trap
sites)19 or to utilize the terminal functional group to construct
deﬁned polymer architecturesas demonstrated by the control
of the morphology in block copolymer ﬁlms,20 postpolymeriza-
tion functionalization of the chain terminus,21,22 or the grafting
onto a speciﬁc surface.23 In this regard, the seminal work by
Yokozawa and McCullough on the Kumada catalyst transfer
polymerization (KCTP)also known as Grignard metathesis
(GRIM) polymerizationconstituted a breakthrough to
synthesize polymers with deﬁned molar masses, low
dispersities, and deﬁned end groups under mild reaction
conditions as they follow a chain-growth mechanism.24−26
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Among semiconducting polymers (Figure 1), triarylamines
and the related carbazoles are widely utilized as hole-
conducting materials.2,28−30 In particular, carbazole-based
materials constitute an attractive material class,31,32 owing to
the facile syntheses to achieve tailored optoelectronic and/or
processing properties.2 Polycarbazoles can be distinguished by
the degree of conjugation, which arises from the connectivity
between the repeating units. The linkage via the 2,7- or 3,6-
positions of the carbazole leads to a para- or meta-linked
phenylene backbone, respectively. Hence, the corresponding
poly(2,7-carbazole)s feature a large conjugation segment length
and high hole mobility. Notably, the chemical instability vs
oxidation processes arises from the reactive 3,6-positions2,33
and requires encapsulation for their use in photovoltaic
applications.3 Alternatively, poly(3,6-carbazole)s feature the
inherent blocking of the reactive positions and, thus, exhibit
electrochemically stable oxidation processes.33 Because of the
diminished conjugation, such materials are transparent in the
visible light region and are particularly attractive materials for
OLEDs,3,34,35 in ﬂash memory devices or OFETs,36,37 or in
devices showing thermally activated delayed ﬂuorescence.38
Despite the facile preparation of the monomers starting from
9H-carbazole, the preparation of well-deﬁned poly(3,6-
carbazole)s is not intensively studied by KCTP and mainly
relies on Ni- or Pd-catalyzed Kumada-, Yamamoto-, Negishi-,
or Suzuki-type couplings.18,39−44 Notably, the step-growth
conditions of the applied protocols may hamper their utility in
subsequent functionalization reactions and in assembled
materials,19 and relatively little is reported regarding the end
groups analysis.
In this contribution, the controlled polymerization of 3,6-
carbazoles via KCTP is explored and systematically analyzed. It
has been noted that the GRIM step of carbazoles is more
challenging than for thiophene or ﬂuorene18 as well as that the
extent of residual Grignard reagent interferes in the KCTP.6
Hence, we set out to investigate prominent protocols for the
metal−halogen exchange and analyzed the impact on the
polymers obtained by subsequent KCTP. In the ﬁrst part, we
present a detailed end-group analysis and discussion of the
proposed pathways by means of mass spectrometry and end-
group analysis. The second part describes the eﬀorts to enhance
the GRIM step and to improve the KCTP performance in
terms of yield, molar masses, dispersity, and end-group ﬁdelity.
The synthesized monomers and polymers were characterized
by GC, 1H NMR spectroscopy, size exclusion chromatography
(SEC), and in more detail by MALDI-ToF mass spectrometry
(see Supporting Information for procedural details on SEC and
MS analysis). The latter technique revealed important details
concerning the end groups by virtue of isotope simulations,
which lead to the eﬃcient preparation of poly(3,6-carbazoles).
■ EXPERIMENTAL SECTION
All reagents were purchased from ABCR, Acros Organics, Alfa Aesar,
Apollo Scientiﬁc, Sigma-Aldrich, or TCI Chemicals and were used
Figure 1. (a) Number of reports investigating the controlled metal-catalyzed polymerization of common bifunctional monomers.27 (b) Schematic
representation of the structures of the respective monomer units (dashed lines indicate the linking pattern).
Table 1. Experimental Conditions and Selected Analytical Data of the Polymers Prepared by KCTP Using Monomer 1
metal−halogen exchange polymerizationa analytical characterization
entry polymer Grignard reagent
time
[h] temp
M/Br
exchangeb [%] quencher
isolated
yield [%]
Mn
[g/mol]c Đc end-group analysisd
1 p1 iPrMgCl 24 65 °C 55 CD3OD 24 4400 1.53 Br/Br > Br/H ≫ Br/Pr
2 p2 tBuMgCl 24 65 °C 45 CD3OD 5 1280 1.14 Br/Br + nonassigned
series
3 p3 Li+[(iPr)MgCl2]
− 24 rt 30 (i) HCCMgBr;
(ii) HCle
8 5400 1.70 Pr/Pr > Pr/H > Br/Br
4 p4 Li+[(iPr)MgCl2]
− f 18 rt 75 CD3OD 35 6500 1.24 Pr/Pr > Pr/H ≫ H/H
5 p5 Li+[n-Bu3Mg]
− g 2 40 °C quant CD3OD 66 2300 1.96
p5ah 5000 1.25 Bu/Bu > Bu/H > Bu/Br
≈ H/H
p5bh 2900 1.24 Bu/Bu > Bu/H > Bu/Br
≈ H/H
aConditions: [Ni(dppp)Cl2], room temperature, 2−4 h.
bDetermined by GC-MS. cFrom SEC analysis (eluent: chloroform/isopropanol/
triethylamine [94:2:4], applying PS calibration). dMost intense series according to MALDI-ToF MS analysis. eHCl was added after 1 h at room
temperature. fFormed in situ. gFormed prior to metal−halogen exchange. hPolymer fractions after preparative size exclusion chromatography.
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without further puriﬁcation unless otherwise noted. Fresh bottles of
the commercial Grignard reagents were used without previous
titration. All solvents were degassed before use. THF was distilled
from sodium/benzophenone. 3,6-Dibromocarbazole45 was prepared
according to literature procedures. It has been advised that commercial
Grignard reagents should always be titrated prior usage to determine
the exact concentration. However, this extra step was omitted during
our screening, as the results unambiguously identiﬁed the limitation of
GRIM in terms of reactivity rather than stoichiometry (vide inf ra).
3,6 Dibromo-9-octyl-9H-carbazole (1). The compound was
prepared by an adopted literature procedure.46 3,6-Dibromocarbazole
(4.580 g, 14.09 mmol) and 1-bromooctane (4.080 g, 21.14 mmol)
were dissolved in DMSO (28 mL). Subsequently a 50% solution of
NaOH in water (14 mL) was added and the resulting suspension was
stirred overnight at room temperature. Then water was added and the
mixture was extracted three times with diethyl ether. The organic
solution was dried over Na2SO4, ﬁltered and concentrated under
reduced pressure. Puriﬁcation by column chromatography (silica,
CH2Cl2/hexane 5/95) gave the product as colorless oil (5.10 g, 83%).
1H NMR (300 MHz, CDCl3): δ 8.15 (d, J = 1.8 Hz, 2H, ArH), 7.56
(dd, J = 8.7, 1.8 Hz, 2H, ArH), 7.28 (d, J = 8.7 Hz, 2H, ArH), 4.25 (t, J
= 7.3 Hz, 2H, CH2), 1.91−1.75 (m, 2H, CH2), 1.48−1.01 (m, 10H, 5
× CH2), 1.01−0.75 (m, 3H, CH3).
Kumada Catalyst Transfer Polymerization. A tabulated overview
of all prepared polymers is given in Table 1 (see also Results and
Discussion section).
p1. A microwave vial was charged with 1 (0.500 g, 1.14 mmol, 1
equiv), sealed, evacuated, and ﬂushed with nitrogen. Subsequently dry
THF (2.20 mL) and iPrMgCl (0.572 mL, 2 M in THF, 1 equiv) were
added, and the reaction mixture was heated to reﬂux. After 24 h no
further reaction progress was observed (conversion 55%), and
[Ni(dppp)Cl2] (0.005 g, 0.01 mmol, 0.008 equiv) was added as
suspension in THF (0.15 mL) at room temperature. The reaction was
quenched by addition of CD3OD (2 mL) after 2 h, and the mixture
was precipitated in MeOH. The crude product (0.075 g) was puriﬁed
by fractionated precipitation (nonsolvent addition method,47 THF,
MeOH). The solid of the ﬁrst precipitation was further analyzed
(0.037 g) (see text and Supporting Information).
p2. A microwave vial was charged with 1 (0.500 g, 1.14 mmol, 1
equiv), sealed, evacuated, and ﬂushed with nitrogen. Subsequently dry
THF (2.20 mL) and tBuMgCl (1.14 mL, 1 M in THF, 1 equiv) were
added, and the reaction mixture was heated to reﬂux. After 24 h no
further reaction progress was observed (conversion 45%), and
[Ni(dppp)Cl2] (0.005 g, 0.01 mmol, 0.008 equiv) was added as
suspension in THF (0.15 mL) at room temperature. After 2 h the
reaction was quenched by addition of CD3OD (2 mL), and the
mixture was precipitated in MeOH, ﬁltered, and the oﬀ-white solid was
washed with MeOH and water (0.010 g) (see text and Supporting
Information).
p3.17 A microwave vial was charged with LiCl (0.050 g, 1.19 mmol,
1.04 equiv), sealed, evacuated, and ﬂushed with nitrogen. Then a
solution of 1 (0.500 g, 1.14 mmol, 1 equiv) in dry THF (6.25 mL) was
added. The reaction vessel was cooled to 0 °C, and iPrMgCl (0.572
mL, 2 M in THF, 1 equiv) was added dropwise. Subsequently the
mixture was stirred at room temperature. After 24 h the conversion
was checked by GC-MS (below 30%), and [Ni(dppp)Cl2] (0.006 g,
0.0144 mmol, 0.01 equiv) was added as solution in THF (6.2 mL).
After stirring for 3 h at room temperature ethynylmagnesium bromide
(0.69 mL, 0.5 M in THF, 0.3 equiv) was used to quench the reaction,
and stirring was continued for 1 h before 1 N HCl (1 mL) was added.
Subsequently the solution was precipitated in MeOH, ﬁltered, and the
oﬀ-white solid was washed with MeOH and water. The crude product
(0.025 g) was puriﬁed by fractionated precipitation (nonsolvent
addition method,47 THF, MeOH). The solid of the ﬁrst precipitation
was further analyzed (0.008 g) (see text and Supporting Information).
p4.18 A microwave vial was charged with LiCl (0.049 g, 1.14 mmol,
1 equiv), sealed, evacuated, and ﬂushed with nitrogen. Subsequently
dry THF (1.15 mL) and iPrMgCl (0.572 mL, 2 M in THF, 1 equiv)
were added, and the resulting solution was stirred at room temperature
for 6 h. Then a solution of 1 (0.500 g, 1.14 mmol, 1 equiv) in dry THF
(1.10 mL) was added. The progress of the metal−halogen exchange
was monitored by GC-MS, and after 18 h (at least 75% conversion)
[Ni(dppp)Cl2] (0.005 g, 0.01 mmol, 0.008 equiv) was added as
suspension in THF (0.15 mL). The reaction was quenched by addition
of CD3OD (2 mL) after 2 h, and the mixture was precipitated in
MeOH. The crude product (0.110 g) was puriﬁed by fractionated
precipitation (nonsolvent addition method,47 THF, MeOH). The
solid of the ﬁrst precipitation was further analyzed (0.060 g) by 1H
NMR, SEC, and MALDI-ToF MS (see text and Supporting
Information).
p5.18 A three-neck ﬂask with septum and nitrogen inlet was heated
under vacuum with a heat gun and ﬁlled with nitrogen. After cooling
to room temperature, toluene (4.1 mL) was added, and the reaction
vessel was cooled to −10 °C. Subsequently, nBuLi (0.915 mL, 2.5 M in
hexane, 0.67 equiv) and nBuMgCl (0.572 mL, 2 M in THF, 0.33
equiv) were added with a syringe forming a white suspension. After
stirring for 1 h at −10 °C, a solution of 1 (1.500 g, 3.43 mmol, 1
equiv) in dry THF (10.25 mL) was added at room temperature. The
resulting clear yellow solution was stirred at 40 °C, and the progress of
the metal−halogen exchange was monitored by GC-MS. After
quantitative conversion (approximately 2 h), [Ni(dppp)Cl2]
(0.021 g, 0.04 mmol, 0.01 equiv) was added at room temperature,
and the solution was stirred for additional 4 h at ambient temperature.
The reaction was quenched by addition of CD3OD and subsequently
Scheme 1. Schematic Representation of the Ideal Chain-Growth Mechanism Illustrated for 3,6-Carbazoles (Adapted from Refs
6, 50, and 54)a
aActivation of Ni(II) precatalyst and monomer addition via transmetalation (a) and chain growth step via reductive elimination, ring-walking, and
oxidative addition at chain terminus (b).
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precipitated in MeOH. The crude product (1.100 g) was puriﬁed by
fractionated precipitation (nonsolvent addition method,47 THF,
MeOH). The solids of the ﬁrst (p5a, 0.303 g) and the second
precipitation (p5b, 0.150 g) were further analyzed by 1H NMR, SEC,
and MALDI-ToF MS (see text and Supporting Information).
■ RESULTS AND DISCUSSION
In this contribution, we set out to explore the preparation of
poly(3,6-carbazoles) via Grignard metathesis (GRIM) and
subsequent Kumada catalyst transfer polymerization (KCTP).
The aim of this work is to systematically investigate the eﬀect of
the applied experimental parameters, namely the kind of
Grignard reagent and reaction conditions during GRIM, and
the outcome of end groups of the KCTP. In order to provide a
foundation for the interpretation of our results, we begin the
discussion with a brief review of the essential steps of GRIM
and KCTP, which have been analyzed in great depth for
poly(3-hexylthiophene), P3HT.24,48−53
Mechanistic Aspects of KCTP. In a recent review, Kiriy
and co-workers emphasized the control in KCTP of this
particular important polymer due to the beneﬁcial eﬀect of the
ortho-substituent substrates and the eﬃcient ring-walking ability
of the catalyst fragment even across the oligothiophene
subunits.48 The resulting retardation of disproportionation
and catalyst dissociation leads to the chain-growth character
including excellent end-group homogeneity.6,48
Scheme 1 brieﬂy depicts the essential steps involved in the
GRIM and KCTP: The initial metal−halogen metathesis step
yields the reactive monomer A (Scheme 1a). Knochel et al.
explored in detail the reactivity of various magnesium reagents
in metal−halogen exchange reactions,55−57 which assisted their
successfully application in the KCTP. Notably, thiophenes
readily undergo a metal−halogen exchange employing conven-
tional Grignard reagents, e.g., iPrMgCl or tBuMgCl, while other
monomers, e.g. ﬂuorenes or 2,7-carbazoles, are much less
reactive and require Grignard reagents with higher reactivity
(vide inf ra).18 Upon addition of a Ni(II) precatalyst, e.g.,
[Ni(dppp)Cl2] (dppp is 1,3-bis(diphenylphosphanyl)-
propane),49−51 the Grignard intermediate A undergoes the
ﬁrst transmetalation to generate B. After a second trans-
metalation step, the bis-aryl Ni complex (C) is formed.
Notably, this species undergoes reductive elimination, whereby
the catalyst fragment stays associated with the polymer chain
(Scheme 1b). Hence, the Ni fragment can migrate along the pi-
system (ring-walking) toward the chain terminus to form
species D, which re-enters the catalytic cycle by oxidative
addition to form B′. The termination occurs typically via
monofunctional Grignard reagents or deactivation of the active
Ni species by a quencher.6 In the case of the P3HT, Thelakkat
and co-workers identiﬁed chain−chain coupling upon addition
of MeOH to account for the Br/Br-terminated polymers, while
addition of HCl yielded the protolysis product with strict H/Br
end groups.6 In addition, deﬁned end groups beyond the
bromo substituent can be introduced by means of a
functionalized Ni precatalyst48,58 or by the addition of a
monofunctional Grignard reagent to terminate the polymer-
ization.25,59 Hence, the analysis of the end groups gives valuable
insights into potential side reactions and assist the systematic
exploration of the scope of the synthetic protocols.
Synthetic Strategy. The synthetic sequence presented in
this work is outlined in Scheme 2 and involves the metal−
halogen exchange of N-alkyl-3,6-dibromocarbazole (1) using
typical magnesium reagents,6,17,18 followed by KCTP utilizing
[Ni(dppp)Cl2] as precatalyst. At selected times, samples were
taken and analyzed by GC-MS to follow the course of the initial
GRIM step. Upon quantitative exchange or ceased metathesis
progress, the precatalyst [Ni(dppp)Cl2] was added to the
monomer solution in analogy to literature reports.49−51 The
polymerization was ﬁnally quenched by addition of various end-
capping reagents, and the obtained polymers p1−p5 were
characterized by 1H NMR spectroscopy (Figures S2−S6), SEC
(Figures S8 and S9), and in more detail by mass spectrometry
(Figures S11−S19). Procedural details on the analysis and
interpretation of the SEC and MS data can be found in the
Supporting Information (sections 3 and 4). It has been
reported in the case of P3HT that methanol may lead to chain
couplings during quenching.6,60 However, a control experiment
using monomer 1 revealed identical SEC traces irrespective of
the nature of the terminating agent (MeOH or HCl, Figure
S7), and thus, subsequent experiments were conducted with
methanol. We further applied deuterated methanol (CD3OD)
in order to identify active Grignard species and catalyst
fragments, which would give rise to the characteristic M + 1
isotope pattern.
Conventional Grignard Reagents (Entries 1 and 2). Our
investigation of the KCTP starts with the evaluation of typical
Grignard reagents known from P3HT, i.e., iPrMgCl or
tBuMgCl.55−57 The metal−halogen exchange was tested for
monomer 1 (Table 1, entries 1 and 2). In agreement with
reports on related ﬂuorenes and carbazoles,18 the metal−
halogen exchange of 1 in reﬂuxing THF was incomplete using
either Grignard reagent. GC-MS monitoring revealed no
further progress (55% for iPrMgCl, 45% for tBuMgCl), but
high enough conversion to attempt the polymerization step
applying [Ni(dppp)Cl2] as precatalyst at room temperature for
2−4 h. In agreement with the incomplete GRIM step, the
isolated yields of the respective polymers p1 (24%) and p2
(5%) were very low. The SEC analysis revealed a fairly large
dispersity for p1 (Đ = 1.53) with an apparent molar mass of
4400 g/mol on the basis of a PS calibration (Figure S8), which
indicates substantial side reactions. The polymer p2 featured
signiﬁcantly lower molar masses (1200 g/mol) with a narrower
Scheme 2. Schematic Representation of the General Synthesis Strategy Leading to Poly(3,6-carbazole)sa
aConditions: (i) octyl bromide, DMSO, NaOH, RT, overnight; (ii) Grignard reagent, THF (see Table 1 and Experimental Section for details and
conditions); (iii) [Ni(dppp)Cl2], RT, N2, 2−4 h.
Macromolecules Article
DOI: 10.1021/acs.macromol.6b02088
Macromolecules 2016, 49, 8801−8811
8804
dispersity (Đ = 1.14), as expected due to termination by the
excess of Grignard reagent.61
The MALDI-ToF analysis of p1 revealed several polymer
series with the characteristic mass diﬀerence of the carbazole
(Figure 2a). The corresponding end groups were assigned
according to isotope simulations (Figure S12) and will be
exempliﬁed in more detail for the 3-mer series (n = 3, Figure
2b) and the 7-mer series (n = 7, Figure 2c). The dominating
series belong to the Br/Br-, Br/H-, and H/H-decorated
polymers. Interestingly, the corresponding series with an
additional C4H8O fragment was identiﬁed, which is tentatively
assigned to side reactions with THF during the GRIM and/or
KCTP step. A similar formal incorporation of solvent molecules
has been reported in the case of P3HT and methanol,6 whereby
Figure 2. (a) MALDI-ToF mass spectrum of p1 (matrix: DCTB + NaCl). Arrow indicates the carbazole repeating unit and associated molar mass.
Boxes indicate selected repeat units for n = 3 (see b) and n = 7 (see c). (b, c) Expansion and assigned end groups from isotope simulation. Mass
regions are aligned to indicate corresponding specimen (vertical lines): Dominant series of Br/Br, Br/H, and H/H (gray solid lines) and the
corresponding formal THF adducts (gray dotted lines; cf. text) and minor series of Br/Pr and H/Pr (dashed lines). Note the missing macrocycle
(n = 3) but its occurrence for n = 7 (black dashed line). For more details cf. Figure S12.
Scheme 3. Schematic Representation of Assigned Side Reactions during KCTPa
a(a) Formation of Br/Br-terminated polymers and active Ni(0) and Ni(II) complexes via (i) catalyst dissociation or (ii) disproportionation. (b)
End-group inhomogeneity due to residual Grignard reagent via (iii) KCTP initiation, (iv) transmetalation and reductive elimination and β-hydride
elimination, and Br→ Pr, H exchange by released Ni(0) complexes during steps i, ii, and iv, respectively. Note the catalytic character of step v with
respect to Ni(0).
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the exact structure and mechanism is not yet understood to the
best of our knowledge. In our case, the forcing conditions
during metal−halogen metathesis may lead to a ring-opening of
THF and subsequent interference of the formed products
during polymerization. However, this series was hardly detected
in latter experiments applying less forcing conditions during
GRIM (vide inf ra). In addition to the aforementioned
specimen, also the corresponding Br/Pr- and H/Pr-terminated
polymers were detectable, along with the formation of
macrocycles for n ≥ 4 (Figure 2c). These observations can
be reasoned on the basis of a detailed report on P3HT: In the
case of perfect catalyst association during KCTP, termination
with HCl leads exclusively to the H/Br series from the active
chains, while methanol further gives the Br/Br series. The
formation of the latter is assigned to chain−chain coupling,
which is further supported by a characteristic shoulder in the
SEC with double molar mass.6,48 However, we observed no
diﬀerence in the SEC proﬁles between quenching with
methanol or HCl (Figure S7). In addition, we employed
deuterated methanol (CD3OD) for quenching, which is
expected to yield the corresponding M + 1 peaks of any
metalated specimen upon quenching. However, we could not
discern any deuteron end group, which suggests that the Br/Br
series has formed and accumulated already during KCTP. As
the dominant chain−chain coupling during quenching is ruled
out, the Br/Br series must have formed during KCTP, which
implies catalyst dissociation or disproportionation reactions
(Scheme 3a, steps i and ii). More importantly, both processes
release active Ni(0) catalysts and/or Ni(II) precatalysts, which
can undergo secondary side reactions and explain the end-
group inhomogeneity.
The occurrence of propyl (Pr)- or H-terminated specimen is
reasonably explained by residual Grignard reagent (Scheme 3).
The ﬁrst possibility of formation arises from simple initiation of
the Ni(II) precatalyst (step iii). Note that the required Ni(II)
can also be regenerated during KCTP by the proposed
disproportionation of two active chains. The second possibility
of Pr-terminated polymers involves the transmetalation of the
active chain (step iv), in analogy to the typical termination of
KCTP by monofunctional Grignard reagents. However, β-
hydride elimination of related Ni complexes are also known62,63
and has been recently reported as a side reaction for poly(3-(2-
pyridyl)thiophenes)64 or poly(2,5-pyridine) to form H-
terminated chains.52 It should be noted that the steric
diﬀerences of the investigated poly(carbazole) vs P3HT diﬀer
and, thus, may facilitate or block each pathway, in analogy to
the known reactivity diﬀerences between the 2- and 3-
regioisomers of the transmetalated hexylthiophene formed
during McCullough’s route to P3HT.6 Hence, we tentatively
assign the occurrence of H-terminated specimen to trans-
metalation and subsequent β-hydride elimination (step iv).
The previous assignments explain the occurrence of the Br,
H, and Pr end groups, but there are further implications from
the release of Ni(0) (steps i, ii, or iv). The active catalyst can
undergo oxidative addition of any bromine substituents and,
thus, leads potentially to the conversion of any Br terminus into
the Pr- and H-congeners, as long as residual Grignard reagent is
present. Hence, these side reactions should preferentially occur
in the early stage of KCTP, leading to terminated oligomers.
We attempted to estimate the extent of these side reactions by
comparison of the relative peak ratios for diﬀerent degrees of
polymerization, e.g. of the 3-mer vs 7-mer series (Figure 2b,c)
and up to the signal detection limit (11-er, Figure S12).
However, the data showed no marked diﬀerence between the
Pr- and H-terminated series, yet revealed a lower intensity of
the THF-containing side products for higher oligomers (vide
supra) and a higher intensity of the Br/Br species for shorter
oligomers. The former is explained by the formation during the
early stage, while the latter seems counterintuitive at ﬁrst sight.
However, the incomplete GRIM also implies residual amounts
of Br/Br-decorated monomer, which can undergo oxidative
addition with Ni(0), and thus, the new chain contains the Br/
Br end groups. Hence, such species would be constantly formed
during the KCTP. In summary, the MS data suggest that H-
termination exceeds the Pr-termination, as shown for H/H vs
H/Pr or Br/H vs Br/Pr. Furthermore, the Br/Br dominates
each series and, thus, implies the large extent of catalyst
dissociation or disproportionation. With this ﬁrst MS analysis
of p1 in hand, in particular the importance of complete GRIM,6
we analyzed the eﬀect of using tBuMgCl under similar
conditions. The lower isolated yields of p2, as well as the
SEC and MS data, are in line with the lower extent of metal−
halogen exchange. Furthermore, the side reactions become
even more detrimental, as revealed by the signiﬁcant decreased
end-group homogeneity (Figure S13). The absence of Pr-
terminated species and the occurrence of the related butyl-
species corroborate the previous assignments for p1, i.e., the
negative eﬀect of incomplete metal−halogen exchange leading
to severe termination reactions.
Figure 3. (a) MALDI-ToF mass spectra (matrix: DCTB + NaCl) of p3 (top) and p4 (bottom). Box indicates selected repeat unit for n = 8 (see
panel b). (b) Expansion and assigned end groups from isotope simulation of p3 (top) and p4 (bottom). Dominant series of Pr/Pr, H/Pr, and H/H
(gray solid lines) and minor series of Br/Br, Br/Pr, and Br/H (dashed lines) and occurrence of the macrocycle (black dashed line). For more details
cf. Figures S15−S17.
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Turbo Grignard. Based on these ﬁrst observations, an
improved metal−halogen exchange was expected to decrease
the side reactions during the polymerization process. Hence,
the addition of LiCl was investigated (“Turbo Grignard”),
which is known to break the polymeric aggregates of Grignard
reagents by formation of a more reactive Li+[(iPr)MgCl2]
−
species.18,55,56 Two diﬀerent procedures were tested: the ﬁrst
one taken from 3,6-carbazoles17 and the second one being
adapted from 2,7-ﬂuorenes and 2,7-carbazoles.18 In the former
case, the Turbo Grignard is formed in situ from a solution
containing LiCl and the monomer in THF, followed by
addition of iPrMgCl to perform the GRIM at room temperature
(entry 3).17 However, our attempts applying identical
conditions gave only minor metal−halogen exchange (<30%).
Nevertheless, we performed the polymerization, followed by
quenching with ethynylmagnesium bromide and after one
additional hour by termination with HCl. Irrespective of the
low extend of GRIM, this methodology addresses the
opportunity to utilize LiCl for rate acceleration in KCTPas
reported for related poly(3-hexylthiophene).6 Secondly, the
utilization of a monofunctional Grignard reagent and
subsequent deﬁnite termination by HCl are expected to give
more insights into the termination reactions. Unfortunately, the
literature work on 3,6-carbazole does not report isolated yields
or mass spectrometry data.17 In line with the low degree of
metal−halogen exchange (entry 3), also the isolated yield of the
corresponding polymer p3 was very low (8%).
In contrast to the low yield, the SEC and mass spectrometry
data (Figure 3) revealed a signiﬁcantly higher degree of
polymerization (Mn = 5400 g/mol, Đ = 1.70), which suggests a
higher rate of polymerization during KCTP. The isotope
analysis identiﬁed the dominating Pr- and/or H-terminated
species, i.e., Pr/Pr, Pr/H, and H/H, while only a minor amount
of Br-decorated species was found. This fact supports a general
rate enhancement by LiCl in KCTP;6 i.e., also the side reactions
leading to end group inhomogeneity are enhancedbecause
the related p1 and p2 did not show the dominant alkyl end
groups (vide supra). Noteworthy, no end-functionalized
polymer bearing the ethynyl terminus could be detected,
which suggest that the chain termination again occurred during
KCTP and before the addition of the end-capper. The second
attempt employed the Turbo Grignard as adapted from 2,7-
ﬂuorenes.18 For this purpose, Li+[(iPr)MgCl2]
− was prepared
separately, followed by addition of a solution of monomer 1 in
THF (entry 4). This method enabled the highest metal−
halogen exchange so far (75%). The subsequent polymerization
(p4) was quenched by addition of CD3OD in order to trap any
active metal terminus as their deuterated analogues. Consistent
with previous interpretation, the higher metal−halogen
exchange is also reﬂected in higher polymer yields (35%),
while the side reactions of excessive Grignard reagent should be
loweras reﬂected by a higher degree of polymerization (Mn =
6500 g/mol) and signiﬁcantly lower dispersity (Đ = 1.24).
However, the MALDI-ToF analysis identiﬁed a similar end-
group distribution as for p3, i.e., mainly Pr/Pr- and Pr/H-
terminated chains were found (Figure 3). In summary of both
experiments using the “Turbo” Grignard, the presence of LiCl
was attributed to greatly accelerate the KCTP, as previously
also reported for poly(3-hexylthiophene).6 In addition to the
hitherto established trend, that a lower metal−halogen
exchange gives also a lower degree of polymerization (e.g., p1
vs p2 and p3 vs p4), the presence of LiCl seems to accelerate
the polymerization more than the termination reactions. This is
reﬂected by the fact that the even lower metal−halogen
exchange observed for p3 leads to higher molar masses (vs p1
or p2) but almost complete Br → Pr, H replacement.
Magnesiate Complex. The enhanced metal−halogen
exchange in the case of Li+[(i-Pr)MgCl2]
− prompted us to
test magnesium ate complexes (entry 5), which were already
s u c c e s s f u l l y a p p l i e d i n t h e p r e p a r a t i o n o f
poly(2,7-carbazole)s.18 Notably, the reactive complex Li+[n-
Bu3Mg]
− contains no charge-stabilizing Mg−Cl bond and,
consequently, features a signiﬁcantly enhanced nucleophilicity
of the alkyl groups. Up to 3 equiv are released during
metathesis, and thus, a stoichiometry of 1:3 in relation to the
bifunctional monomer (1) is used.57,65,66 Indeed, quantitative
metal−halogen exchange was observed at 40 °C within 2 h.
The subsequent polymerization with [Ni(dppp)Cl2] gave
polymer p5 in good yields (66%, entry 5). The SEC analysis
of p5 revealed an intermediate apparent molar mass with a
broad dispersity (Đ = 2.0), which indicates the deviation from
the ideal chain-growth mechanism. The crude polymer was
fractionated for further analysis (Figure S9), in particular in
view of end-group analysis by 1H NMR spectroscopy and mass
spectrometry of the higher molar mass fraction (p5a).
The main polymer distributions of both fractions consist
mainly of Bu-terminated chains (Figure 4). In line with our
previous ﬁndings, no deuterated species but H-terminated were
Figure 4. (a) MALDI-ToF spectra of p5a (top) and p5b (bottom) (matrix: DCTB + NaCl). Boxes indicate selected repeat units for n = 3 (see b),
n = 7 (see c), and n = 15 (see d). (b−d) Expansion and assigned end groups from isotope simulation. Mass regions are aligned to indicate
corresponding specimen (vertical lines): Dominant series of Bu/Bu, H/Bu, and H/H (gray solid lines) and minor series of Br/Br, Bu/Br, and H/Br
(dashed lines). Note the missing macrocycle (n = 3) but its occurrence for n > 3 (black dashed line). For more details cf. Figures S18 and S19.
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detected, which is tentatively assigned to β-hydride elimination
(vide supra). Figure 4 depicts the comparison of the 3-mer
(panel b), 7-mer (panel c), and 15-mer series (panel d).
Notably, a decreasing content of Br-containing polymers is
noticed with increasing degree of polymerization; i.e., the
relative ratios of the Bu/Br-, Br/Br-, and H/Br- vs Bu/Bu-
decorated chains are larger. This observation is qualitatively
explained by termination of the propagating chain by butyl
groups (vide inf ra). However, the extent of Bu-decorated
polymers seems unexpected because it requires an exhaustive
termination and/or replacement of distal Br groups by Bu
groups (Scheme 3b, steps iii−v). In contrast to the previous
polymers (p1−p4), a full conversion of the dibromocarbazole
was observed, and thus, also the consumption of equivalent
amounts of the Grignard reagent is assumed. Although a
residual slight excess of Li+[n-Bu3Mg]
− cannot be ruled out, it
appears unlikely to account for all H- and Bu-decorated
chainsso that an alternative pathway may be operable based
on the following assumptions: (a) The hitherto derived analysis
on polycarbazoles supports the signiﬁcant liberation of low-
valent Ni(0) by dissociation and/or disproportionation during
KCTP (Scheme 3a, steps i and ii). (b) The metal−halogen
exchange generates equivalent amounts of alkyl bromide (i.e.,
n-BuBr), which have been shown to undergo oxidative addition
with Ni(0) even at room temperature.63 Hence, even in the
absence of the Grignard reagent, Bu-decorated chain may be
initiated. (c) The disproportionation of Ni−aryl complexes
without ortho-substituents has been addressed,48,67 which can
account for this signiﬁcant diﬀerence in end-group homoge-
neity of poly(3,6-carbazole) vs P3HT.6 As a consequence of
disproportionation, the Bu/Bu-decorated chains can form,
while the concomitant generation of Ni(0) and Ni(II) re-enters
the KCTP sequence (Scheme 1).
The 1H NMR spectrum of p5a is shown in Figure 5 and is
complemented by end-group analysis. The proton assignment
is based on N-alkylcarbazoles bearing alkyl, bromo, or hydrogen
groups in the 3,6-positions.61 The spectrum is dominated by
the carbazole protons centered at 8.55, 7.85, and 7.45 ppm and
below 2 ppm by the alkyl side chain protons. Notably, the N−
CH2 moiety is well resolved and serves to estimate the degree
of polymerization with respect to the benzylic protons of the
terminal Bu substituent, which is identiﬁed by the characteristic
signal and coupling pattern at 2.85 ppm.61 The numerical ratio
is 10:1 (see Figure S6), so that the lower bound of the average
degree of polymerization is approximately 5 (assuming
complete chain end termination by butyl groups). However,
the mass spectrometry clearly shows also H- and Br-terminated
polymers, whose ratio further varies with the degree of
polymerization (vide supra). A reasonable guess is derived
from the 7-mer series, in which the Bu-containing species
account for approximately 50% of the total signal. Despite the
crudeness of this estimate, the degree of polymerization
(n = 10) is in reasonable agreement with the mass spectrometry
data, while the overestimation by the SEC data (5000 g/mol by
PS calibration, n ≈ 20) is attributed to the stiﬀness of the
polymer vs the polystyrene standard.
In summary, the utilization of magnesiate complexes enabled
a quantitative and mild metal−halogen exchange for the ﬁrst
time (2 h, 40 °C), while the subsequent KCTP aﬀorded the
corresponding polymer (p5) in good yields (66%). The
dispersity by SEC analysis and the dominant Bu and H end
groups indicate side reaction during KCTP and, thus, deviation,
from the ideal chain-growth mechanism. The origin is assigned
to catalyst dissociation and/or disproportionation for the
studied polycarbazoles, which is reported for various Ni−aryl
complexes bearing no ortho-substituents.67
■ CONCLUSION
The scope of polymerization of 3,6-dibromocarbazole via
GRIM and KCTP was investigated, and the obtained polymers
were analyzed in detail by NMR spectroscopy, SEC analysis,
and particularly mass spectrometry, including isotope analysis
for end-group determination. The screening of various
conventional KCTP protocols demonstrated that a quantitative
metal−halogen exchange is crucial to obtain poly(3,6-
carbazole)s in high yields. The reactivity of standard Grignard
reagents, i.e., iPrMgCl (p1) or tBuMgCl (p2), is found to be
too low (<55%) for complete metal−halogen exchange but
aﬀorded minor amounts of polymers with dominant Br-
decorated chains, accompanied by alkyl- and proton-terminated
chains. More importantly, the occurrence of Br/Br-decorated
polymers strongly supports catalyst dissociation and/or
disproportionation reactions. Consequently, the KCTP be-
comes less well behaved as examined in detail for poly(3-
hexylthiophenes)6 and, thus, accounts for the end-group
inhomogeneity. The utilization of LiCl during metathesis (p3
and p4) enhanced the metal−halogen exchange (up to 75%)
and also aﬀorded the polymer in somewhat increased yield. In
addition, the comparison within the series p1−p4 revealed also
a general rate acceleration by LiCl during KCTP, with a larger
Figure 5. (a) 1H NMR spectrum (300 MHz, CDCl3) of p5a and with assignment of characteristic protons including a chemical representation
emphasizing the two terminal benzoid subunits shown in black (X, X′) vs the polymer backbone (gray). Corresponding protons are labeled for X
(HA, HB, HC) and the backbone protons (H4/5) as well as the side-chain protons (N−CH2). = bearing variable end groups X/X′. Characteristic
benzylic protons (X = B) are assigned and labeled by arrow. (b) Expansion of aromatic region showing the set of protons for X = Bu (black) and a
characteristic proton for X = H (blue).
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impact on the rates of polymerization vs side reactions
according to SEC and MALDI-ToF data. Finally, the best
results were found employing magnesiate complexes. Quanti-
tative metal−halogen exchange was achieved within 2 h at
40 °C, and subsequent polymerization aﬀorded p5 in good
isolated yield (66%). Noteworthy, similar end-group distribu-
tions were obtained as before, which are tentatively assigned to
the catalyst dissociation and/or disproportionation. In sum-
mary, poly(3,6-carbazole) can be eﬃciently prepared via KCTP
using magnesiate complexes. In view of improving the chain-
growth character of 3,6-carbazoles by KCTP, modiﬁcations of
the substrate (ortho-substituents) and/or improved catalyst
systems are attractive to disfavor the proposed catalyst
dissociation and/or disproportionation (Scheme 3a),48 which
would lead to a higher control of dispersity and molar masses as
well as end-group ﬁdelity.
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Poly(N‑alkyl-3,6-carbazole)s via Suzuki−Miyaura Polymerization:
From Macrocyclization toward End Functionalization
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†Laboratory of Organic and Macromolecular Chemistry (IOMC) and ‡Center for Energy and Environmental Chemistry Jena
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ABSTRACT: The metal-catalyzed polymerization of 3,6-carba-
zoles is explored with emphasis of end-group ﬁdelity of the
telechelic polymers. The Suzuki−Miyaura coupling polymer-
ization using asymmetric bifunctional (AB-type) monomers was
selected to circumvent the inherent polycondensation character of
symmetric (AA/BB-type) monomers. Common synthetic proto-
cols were screened to facilitate the chain growth vs step growth
character during the polymerization, e.g., several activation
reagents for the boronic ester and various catalytic systems and
their associated reaction conditions. The reactions were analyzed in detail by size exclusion chromatography (SEC), 1H NMR
spectroscopy, and mass spectrometry including isotope analysis for end-group determination. It was found that the intermediate
oligomers are susceptible for macrocycle formation, particularly at low concentration, while longer polymer chains continue to
polymerize. The synthetic methodology was extended to utilize functionalized precatalysts and functional terminating agents in
order to explore the scope of chain growth vs step growth. The concomitant formation of macrocycles was observed, which
indicates the catalyst dissociation and, thus, also the polycondensation pathway. Importantly, the applied low concentration leads
to trapping of the undesired nonfunctionalized chains as macrocycles, which can be readily removed from the telechelic linear
polymer. In summary, the developed protocols demonstrate the versatility to prepare telechelic poly(3,6-carbazole)s via Suzuki−
Miyaura coupling. The azide-decorated poly(carbazole) exempliﬁes the potential to serve as building blocks for further copper-
mediated azide−alkyne cycloaddition reactions.
■ INTRODUCTION
Semiconducting polymers have gained enormous attention
since the ground-breaking work by Shirakawa, Heeger, and
MacDiarmid four decades ago. Since then, this material class
has matured immensely and entered successfully various appli-
cation ﬁelds, e.g. organic light-emitting diodes (OLEDs),
organic ﬁeld-eﬀect transistors (OFETs), and organic photo-
voltaic cells and/or sensors. The ongoing research is fueled by
the almost unlimited opportunity to adjust the optical and
electrical characteristics by means of their constituting subunits
and linkage pattern as well as phase separation and self-
assembly by virtue of side-chain modiﬁcations.1−3 Among
others, the majority of hitherto explored polymers comprises
electron-rich thiophene,4−8 phenylene,9,10 ﬂuorene,11−16 and
2,7-carbazole17,18 subunits, which are often complemented by
alternating electron-poor heterocyclic subunits to tailor the
optical and electrical band gaps.19 Such conjugated alternating
copolymers are conveniently prepared by polycondensation of
the two corresponding symmetric bifunctional (A−A/B−B-type,
A and B denote complementary functional groups for linkage)
monomers, which further oﬀers great opportunities to readily
synthesize polymer libraries. Because of the inherent step-
growth mechanism, the precise control of molar mases and
low dispersities, as well as end-group ﬁdelity, is challenging.
An alternative strategy utilizes the asymmetric bifunctional
A−B-type monomer, which can in principle follow a chain
growth mechanism. A prominent example is given by the
Kumada chain transfer polymerization (KCTP),20 in particular
for the preparation of telechelic poly(3-hexylthiophene)
(P3HT). While the KCTP has been optimized for P3HT,20
other monomers often lack such high control, which has been
traced to the instability of the active species against dispro-
portionation in order to control end-group ﬁdelity6,21 as well as
the importance of an associated catalyst−polymer pair vs
catalyst dissociation to sustain the chain growth mechanism vs
polycondensation.20 Notably, such features were also reported
for Suzuki−Miyaura coupling, which considerably expands the
scope of suitable monomers.10,22,23 Note that the employed
boronic esters are less nucleophilic than their corresponding
Grignard reagents, which extends the scope of available end
groups introduced by functional precatalysts.
In addition to the control of the polymerization process itself,
current work is devoted to develop (facile) synthetic pro-
cedures for deﬁned telechelic macromolecular architectures.
Such advanced materials oﬀer the opportunity to control
important device parameters on a molecular level, e.g., to
control trap sites at the chain terminus,24 to utilize the phase
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segregation and stability of morphology by means of block
copolymers, or to achieve adherence to speciﬁc surfaces by
virtue of a grafting approach.25,26 One underlying synthetic
challenge is to eﬃciently prepare and utilize the end groups in
subsequent postpolymerization reactions, and thus, the
progress in synthetic routes toward telechelic polymers with
tunable optical and electrical properties is expected to provide a
powerful platform to design functional macromolecules.
Among many others, triarylamine-based semiconducting
polymers are widely utilized as hole transporter.2,27−29 In par-
ticular, carbazole-derived materials constitute an attrac-
tive material class,30,31 owing to the facile syntheses and
optoelectronic and/or processing properties.2 Two major
classes of polycarbazoles can be assigned, depending on the
position of connectivity. The linkage through the 2,7-positions
of carbazolewhich resembles p-phenyleneassures a high
degree conjugation and a large conjugation segment length.
Hence, such materials are particularly attractive for applica-
tions requiring low optical and electrochemical band gaps.
The connectivity via the 3,6-positions leads to a meta-linked
phenylene backbone. As consequence, the corresponding
poly(3,6-carbazole)s feature lower charge carrier mobilities
but exhibit distinct beneﬁts, e.g., electrochemically stable oxi-
dation processes32 and transparency in the visible light region.
These properties render poly(3,6-carbazole)s particularly attrac-
tive for OLED applications,3,33,34 ﬂash memory devices, or
OFETs35,36 as well as devices with thermally activated delayed
ﬂuorescence.37 The synthesis of telechelic 3,6-carbazole-based
homopolymers mainly relies on Ni- or Pd-mediated cross-
couplings without detailed end-group analysis.18,38−46 Typi-
cally, the polymerizations involve the in situ activation of the
symmetric bifunctional precursors, e.g., N-alkyl-3,6-dibromo-
carbazoles by elemental Mg39,40 or Zn,41 or Yamamoto
coupling using stoichiometric amounts of Ni(0),42−45 as well
as polycondensation reactions of A−A/B−B-type monomers,
particularly employing boronic ester derivatives.39,47 The latter
strategy has been successfully employed to prepare a variety of
donor−acceptor polymers.33,34,37,39,47 Recently, we investigated
the preparation of poly(3,6-carbazole) via KCTP, which
identiﬁed the importance of metal−halogen exchange and the
associated side reactions that precluded the formation of
telechelic polymers.48
In this contribution, we investigate the preparation of
telechelic poly(3,6-carbazole)s with controlled molar masses,
including end-group analysis and a mechanistic interpretation
of their formation. Hence, we focus on the Suzuki−Miyaura
coupling polymerization using asymmetric A−B-type mono-
mers as well as the in situ activation using a diboron reagent
similar to the GRIM-KCTP approach. To the best of our
knowledge, there is only one scientiﬁc report for usage of the
A−B-type monomer to prepare the corresponding homopol-
ymer39 or a related triblock copolymer,46 while the in situ
activation of N-alkyl-3,6-dibromocarbazole is unpreceded but
for related poly(2,7-carbazole).49 The polymerization was
conducted using typical activating reagents, catalyst systems,
and reaction conditions. The obtained polymers were char-
acterized by 1H NMR spectroscopy, by size exclusion
chromatography (SEC), and in more detail by MALDI-ToF
mass spectrometry (see Supporting Information for procedural
details on SEC and MS analysis). The MS data are further
analyzed by isotope simulations to discern the desired end-
group ﬁdelity. The second part addresses the utilization of
functionalized initiator and termination reagents, which extend
the set of available functional groups beyond bromo- and
boronic ester moieties. In this regard, the preparation of an
azide-functionalized poly(3,6-carbazole) is presented, which
can serve as a building block applying azide−alkyne cyclo-
addition reactions.
■ EXPERIMENTAL SECTION
All reagents were purchased from ABCR, Acros Organics, Alfa Aesar,
Apollo Scientiﬁc, Sigma-Aldrich, or TCI Chemicals and were used
without further puriﬁcation unless otherwise noted. All solvents were
degassed before use. THF and toluene were distilled from sodium/
benzophenone. 3,6-Dibromocarbazole,50 3,6-dibromo-9-octyl-9H-car-
bazole (1),51 2-(4-(azidomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (6),5 and [(PtBu3)Pd(Ph)Br]
10 were prepared accord-
ing to literature procedures.
3,6-Dibromo-9-ethylhexyl-9H-carbazole (2). The compound
was prepared by an adopted literature procedure.51 3,6-Dibromocar-
bazole (8.320 g, 25.60 mmol) and 3-(bromomethyl)heptane (9.890 g,
51.20 mmol) were dissolved in DMSO (50 mL). Subsequently a 50%
solution of NaOH in water (25 mL) was added, and the resulting
suspension was stirred overnight at room temperature. Then water
was added, and the mixture was extracted three times with diethyl
ether. The organic solution was dried over Na2SO4, ﬁltered, and
concentrated under reduced pressure. Puriﬁcation by column chroma-
tography (silica, CH2Cl2/hexane 5/95) gave the product as colorless
oil (7.32 g, 65%). 1H NMR (300 MHz, CDCl3): δ 8.15 (d, J = 1.7 Hz,
2H, ArH), 7.55 (dd, J = 8.7, 1.7 Hz, 2H, ArH), 7.26 (d, J = 8.7 Hz, 2H,
ArH), 4.12 (d, J = 7.6 Hz, 2H, CH2), 2.18−1.82 (m, 1H, CH), 1.48−
1.15 (m, 8H, 4 × CH2), 1.00−0.79 (m, 6H, 2 × CH3).
3-Bromo-9-octyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-9H-carbazole (3). The compound was prepared by an adopted
literature procedure.39 A Schlenk tube was charged with 1 (1.150 g,
2.63 mmol) and ﬂushed with nitrogen. Then dry THF (25 mL) was
added with a syringe, and the solution was cooled to −78 °C. n-BuLi
(1.05 mL, 2.63 mmol, 2.5 M in hexane) was added dropwise, and the
yellow solution was stirred for 30 min at −78 °C. Subsequently,
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.538 g, 2.89 mmol)
was added. The formed suspension was slowly warmed to room
temperature overnight. Afterward, water was added, and the mixture
was extracted three times with ethyl acetate. The organic solution was
dried over Na2SO4, ﬁltered, and concentrated under reduced pressure.
Puriﬁcation by column chromatography (silica, ethyl acetate/hexane
4/96) gave the product as colorless oil which crystallized in the freezer
(0.940 g, 74%). Note: The compound tends to decomposition during
chromatography, which decreases the yield. In this case, the addition of 1%
Et3N to the eluent increases the stability of the compound.
1H NMR
(300 MHz, CDCl3): δ 8.56 (s, 1H, ArH), 8.25 (s, 1H, ArH), 7.94
(d, J = 8.1 Hz, 1H, ArH), 7.54 (d, J = 8.5 Hz, 1H, ArH), 7.39 (d, J =
8.1 Hz, 1H, ArH), 7.28 (d, J = 8.5 Hz, 1H, ArH), 4.27 (t, J = 7.0 Hz,
2H, CH2), 1.96−1.73 (m, 2H, CH2), 1.41 (s, 12H, 4 × CH3), 1.38−
1.12 (m, 10H, 5 × CH2), 1.00−0.77 (m, 3H, CH3).
3-Bromo-9-(2-ethylhexyl)-6-(4,4,5,5-tetramethyl-1,3,2-diox-
aborolan-2-yl)-9H-carbazole (4). The compound was prepared
analogously to 3 using 2 (0.500 g, 1.14 mmol) as starting material.
Puriﬁcation by column chromatography gave 4 as colorless oil
(0.450 g, 81%). Note: The compound tends to decompose during
chromatography, which decreases the yield. In this case, the addition of 1%
Et3N to the eluent increases the stability of the compound.
1H NMR
(300 MHz, CDCl3): δ 8.59 (s, 1H, ArH), 8.27 (d, J = 1.8 Hz, 1H,
ArH), 7.96 (dd, J = 8.3 Hz, 0.9 Hz, 1H, ArH), 7.54 (dd, J = 8.6 Hz,
1.8 Hz, 1H, ArH), 7.38 (d, J = 8.3 Hz, 1H, ArH), 7.24 (d, J = 8.6 Hz,
1H, ArH), 4.10 (d, J = 7.2 Hz, 2H, CH2), 2.12−1.91 (m, 1H, CH),
1.43 (s, 12H, 4 × CH3), 1.40−1.13 (m, 8H, 4 × CH2), 1.00−0.80
(m, 6H, 2 × CH3).
13C NMR (100 MHz, CDCl3): δ 143.3, 139.6,
132.7, 128.3, 128.1, 124.9, 123.3, 121.6, 112.1, 110.5, 108.7, 83.7, 47.5,
39.3, 31.0, 28.8, 25.0, 24.4, 23.1, 14.1, 11.0. HR-ESI ([C26H35BBrNO2
+ H]+) m/z: calcd: 484.2017; found: 484.2009. Error: 2.5 ppm.
4-(2-Tetrahydropyranyloxy)bromobenzene (5). A ﬂask was
charged with 4-bromophenol (5.000 g, 28.90 mmol), 3,4-dihydro-2H-pyran
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(4.860 g, 57.80 mmol), and CH2Cl2 (50 mL). 4-Methyl-
benzenesulfonic acid (0.004 g, 0.12 mmol) was added, and the
solution was stirred overnight at room temperature. The reaction was
quenched with water (100 mL), and the mixture was extracted with
CH2Cl2. The organic solution was dried over Na2SO4, ﬁltered,
and concentrated under reduced pressure. Puriﬁcation by column
chromatography (silica, ethyl acetate/hexane 5/95) gave the product
as with solid (6.000 g, 81%). 1H NMR (300 MHz, CDCl3): δ 7.38
(d, J = 8.8 Hz, 2H, ArH), 6.95 (d, J = 8.8 Hz, 2H, ArH), 5.38 (t, J =
3.2 Hz, 1H, CH), 4.11−3.72 (m, 1H, CH2), 3.72−3.31 (m, 1H, CH2),
2.21−1.91 (m, 1H, CH2), 1.91−1.80 (m, 2H, CH2), 1.80−1.47
(m, 3H, CH2).
Suzuki−Miyaura Coupling Polymerization. An overview of all
prepared polymers is given in Table 1, followed by the exact conditions
for each entry.
p1.52 A vial was charged with 1 (0.500 g, 1.15 mmol), bis(pinacolato)-
diboron (0.290 g, 1.15 mmol), potassium acetate (0.337 g, 3.43 mmol),
butyl-di-1-adamantylphosphine (BuAdP) (0.012 g, 0.03 mmol),
[Pd2(dba)3] (0.010 g, 0.01 mmol), and dry DMF (2 mL). The vial
was sealed, purged with nitrogen, and heated to 90 °C for 1 h.
Subsequently, an aqueous solution of K2CO3 (1.14 mL, 4 M) was
added with a syringe, and the reaction mixture was stirred at 90 °C
overnight. The next day, water was added to the suspension, and the
mixture was extracted with CH2Cl2 (three times). The organic phases
were combined, washed with water and brine, dried over Na2SO4,
ﬁltered, and concentrated under reduced pressure to yield a yellow
solid. Fractionated precipitation (nonsolvent addition method,54
THF, MeOH) gave two main fractions, which were further analyzed
(p1a: 0.085 g; p1b: 0.050 g).
p2.39 A nitrogen-ﬂushed ﬂask was charged with 4 (0.450 g,
0.93 mmol), dry toluene (14 mL), and an aqueous Na2CO3 solution
(14 mL, 1 M). The mixture was purged with nitrogen for 0.5 h before
[Pd(PPh3)4] (0.022 g, 0.02 mmol) was added. Subsequently, the
biphasic solution was heated to 85 °C for 48 h. After cooling to room
temperature the mixture was precipitated in MeOH (120 mL). The
solid was ﬁltered oﬀ and was washed with water and MeOH. After
drying the compound was obtained as bright yellow solid (0.135 g).
p3. A nitrogen-ﬂushed Schlenk tube was charged with 4 (0.225 g,
0.47 mmol), dry THF (15 mL), and a purged aqueous solution of
K2CO3 (0.95 mL, 4 M). Subsequently, [Pd(P
tBu3)2] (0.012 g,
0.023 mmol) was added as solution in THF (2.00 mL), and the
resulting yellow mixture was stirred at room temperature overnight.
The solution was precipitated in MeOH and ﬁltered, and the oﬀ-white
solid was washed with MeOH as well as water and dried (0.100 g).
p4. A nitrogen-ﬂushed Schlenk tube was charged with 3 (0.330 g,
0.68 mmol), dry THF (23 mL), and a purged aqueous solution of
K2CO3 (1.40 mL, 4 M). Subsequently, [Pd(P
tBu3)2] (0.017 g,
0.03 mmol) was added as solution in THF (2.25 mL), and the
resulting mixture was stirred at room temperature. Samples were taken
for SEC and MALDI analysis and were quenched with DCl in THF.
After 5.4 h, 4-tolylboronic acid (0.093 g, 0.68 mmol) was added as
solution in dry THF (1.50 mL), and the reaction was continued at
room temperature overnight. The reaction was quenched by addition
of 2 M DCl in THF (15 mL). The mixture was precipitated in MeOH
and ﬁltered, and the oﬀ-white solid was washed with MeOH as well as
water and dried (0.137 g).
p5.4 A Schlenk tube was charged with CsF (0.361 g, 2.34 mmol)
and 18-crown-6 (1.138 g, 4.3 mmol), evacuated, and ﬂushed with
nitrogen. Then 3 (0.250 g, 0.52 mmol) was added as solution in dry
THF (5 mL), and additional THF (30 mL) was added. Subsequently,
the reaction mixture was cooled to 0 °C, and N2-purged water (2.25 mL)
was added. Afterward, [(PtBu3)Pd(Ph)Br] (0.007 g, 0.015 mmol) was
added as solution in THF (0.93 mL), the yellow reaction solution was
stirred overnight, and the reaction mixture was slowly allowed to come
to room temperature. After 24 h the reaction was quenched by
addition of 6 M HCl (5.00 mL); the mixture was precipitated in
MeOH and ﬁltered, and the oﬀ-white solid was washed with MeOH
and water (0.110 g). A small amount of the polymer was fractionated
by preparative SEC (Bio-Beads S-X3, CH2Cl2; Toyopearl HW-50F,
CH2Cl2/MeOH 95/5) to analyze the high molar mass fraction of the
polymer.
p6.10 A nitrogen-ﬂushed Schlenk tube was charged with 3 (0.250 g,
0.52 mmol), dry THF (22 mL), and a purged aqueous solution of
Na2CO3 (10.40 mL, 2 M). Subsequently, [(P
tBu3)Pd(Ph)Br] (0.007 g,
0.02 mmol) was added as solution in THF (0.93 mL), and the
resulting biphasic mixture was stirred at room temperature for 30 min.
Then the reaction solution was precipitated in a mixture of 2 M HCl
(10 mL) and MeOH (40 mL). The precipitate was ﬁltered oﬀ, washed
with water as well as MeOH, and dried (0.045 g).
p7.53 A nitrogen-ﬂushed Schlenk tube was charged with 3 (0.250 g,
0.52 mmol), dry THF (21 mL), and a purged aqueous solution of
K2CO3 (1.05 mL, 4 M). Subsequently, [(P
tBu3)Pd(Ph)Br] (0.007 g,
0.02 mmol) was added as solution in THF (0.93 mL), and the resulting
mixture was stirred at room temperature overnight. The reaction was
quenched by addition of 2 M HCl in THF (10 mL). The mixture was
precipitated in MeOH and ﬁltered, and the oﬀ-white solid was washed
with MeOH as well as water and dried (0.094 g).
Polymerization Including End-Capping Reagents. p8.
A nitrogen-ﬂushed Schlenk tube was charged with 3 (0.250 g,
0.52 mmol), dry THF (21 mL), and a purged aqueous solution of
K2CO3 (1.05 mL, 4 M). Subsequently, [Pd(P
tBu3)2] (0.013 g,
0.03 mmol) was added as solution in THF (2.00 mL), and the
resulting yellow mixture was stirred at room temperature for 6 h.
Then 4-(2-tetrahydropyranyloxy)bromobenzene (5) (0.133 g,
0.52 mmol) was added as solution in dry THF (1.00 mL). After
stirring overnight the mixture was precipitated in MeOH and ﬁltered,
and the oﬀ-white solid was washed with MeOH as well as water and
dried (0.110 g).
p9. A nitrogen-ﬁlled Schlenk tube was charged with 4 (0.225 g,
0.47 mmol), dry THF (15 mL), and a purged aqueous solution of
K2CO3 (0.95 mL, 4 M). Subsequently, [Pd(P
tBu3)2] (0.012 g,
0.02 mmol) was added as solution in THF (2.00 mL), and the
Table 1. Experimental Conditions for the Suzuki−Miyaura Polymerizationa
entry polymer monomer base catalyst quencher solvents cM
b [mM] T [°C] t [h] isolated yield [%]
A p152 1 K2CO3 [Pd2dba3], BuAdP H2O DMF/H2O
c 364 90 24 44
B p239 4 Na2CO3 [Pd(PPh3)4] MeOH PhMe/H2O 67 85 48 52
C p3 4 K2CO3 [Pd(P
tBu3)2] MeOH THF/H2O 27 RT 24 70
D p4 3 K2CO3 [Pd(P
tBu3)2] tol-B(OH)2 THF/H2O 25 RT 5.4
d 72
E p54 3 CsF 18-crown-6 [(PtBu3)Pd(Ph)Br] HCl THF/H2O 14 0 24 77
F p610 3 Na2CO3 [(P
tBu3)Pd(Ph)Br] HCl THF/H2O 23 RT 0.5 32
G p753 3 K2CO3 [(P
tBu3)Pd(Ph)Br] HCl THF/H2O 20 RT 24 66
H p8 3 K2CO3 [Pd(P
tBu3)2] 5 THF/H2O 25 RT 6 77
I p9 4 K2CO3 [Pd(P
tBu3)2] 6 THF/H2O 27 RT 6 56
aSee the Supporting Information for analytical data including molar masses and dominant end group series. bConcentration of the monomer (in the
organic phase in the case of biphasic reactions). cIn situ borylation with bis(pinacolato)diboron in DMF and then addition of water to initiate
polymerization. dba is dibenzylideneacetone, and BuAdP is diadamantyl-n-butyl-phosphine. dAfter 5.4 h, p-tolylboronic acid was added, and the
reaction continued for 17.3 h.
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resulting yellow mixture was stirred at room temperature for 6 h. Then
2-(4-(azidomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(6) (0.120 g, 0.47 mmol) was added as solution in dry THF
(1.00 mL). After stirring overnight the mixture was precipitated in
MeOH and ﬁltered, and the oﬀ-white solid was washed with MeOH as
well as water and dried (0.080 g).
■ RESULTS AND DISCUSSION
In this contribution, we present the preparation and analysis
of asymmetric telechelic poly(3,6-carbazoles). The article is
organized as follows: The ﬁrst part brieﬂy summarizes recent
conceptional strategies and challenges to prepare conjugated
telechelic polymers via Pd-catalysis beyond polythiophenes,11,20
which serves as basis for the detailed analysis of the experi-
mental results as well as for our chosen synthetic strategy.
The experimental part starts with the exploration of general
synthetic procedures using the Suzuki−Miyaura coupling poly-
merization, including a SEC and MS study to detail the course
of the polymerization. The end groups are assigned by means of
MALDI-ToF mass spectrometry, and the telechelic polymers
will be denoted in the article as X/Y-terminated, e.g., Ph/H
corresponds to one phenyl and one hydrogen end group.
The third part details the scope of controlled initiation via a
functionalized Pd catalyst as well as termination through macro-
cyclization or functionalized end-capping reagents to yield
telechelic polymers.
Suzuki−Miyaura Coupling Polymerization and Syn-
thetic Strategy. Scheme 1 depicts the essential features of the
Suzuki−Miyaura coupling polymerization, which are desired to
achieve a controlled polymerization with end-group ﬁdelity as
well as shifting the mechanism toward chain-growth similar to
KCTP.11,13 The catalytic cycle begins with the formation of the
active Pd(0) catalyst from a suitable precatalyst upon ligand
loss (step i). Next, oxidative addition into the C−Br bond of
the monomeror subsequently generated polymerleads to
the C−Pd−Br species (step ii). The transmetalation with the
boronic ester group of a second monomer (or polymer),
which requires a base for activation, aﬀords the C−Pd−C
intermediate (step iii). The catalytic cycle is typically closed
upon reductive elimination (step iv) to release the cross-
coupled product and to regenerate the active Pd(0) catalyst.
This sequence explains the typical step growth character
leading to relatively high dispersities (Đ > 2), if the catalyst is
free to diﬀuse. However, if the catalyst stays associated with the
chain, and undergoes oxidative addition at the terminal C−Br
bond, the mechanism shifts to chain-growth (step v), as
observed for the KCTP using Ni catalysts to prepare
poly(thiophene)s.20 In reality, both pathways may be operable
leading to intermediate dispersities. Notably, polymerizations
relying on A−A/B−B-type couplings are not capable to sustain
the chain growth because the added unit during transmetalation
carries a priori the wrong functionality, which does not permit
the oxidative addition step (Scheme 1, step v). However, the
beneﬁts of the Suzuki−Miyaura cross-coupling originate from a
broader functional group tolerance compared to GRIM/KCTP,
the possibility to isolate and purify the monomers, and to apply
advanced catalyst systems (e.g., Pd precatalyst and phosphine).
Notably, the possibility to utilize puriﬁed bifunctional mono-
mers precludes the side reactions that originate from incomplete
in situ activation, which is reported to be challenging via
GRIM.18,48
The synthetic steps of this work are outlined in Scheme 2,
illustrating the monomer synthesis and the subsequent
polymerization of the asymmetric A−B-type monomers.
The required N-alkyl 3,6-dibromocarbazole precursor (1 or 2)
was readily prepared by adopted literature procedures.50,51
Note that the branching of the octyl side chain was varied
because later experimental results revealed a lower solubility of
the isolated polymers in the case of a linear side chain (vide
inf ra). A similar low solubility was noted during the preparation
of a triblock copolymer with two peripheral poly(3,6-carbazole)
segments, so that the concomitant homopolymerization lead
only to low molar masses.46 The asymmetric monomers (3 and 4)
were directly prepared without the need of transesterﬁcation by
one-fold lithiation and subsequent quenching with isopro-
poxypinacolato borane in good yields. The obtained asym-
metric A−B-type monomers bearing terminal Bpin (pin is
pinacolato) and Br moieties were used in the subsequent
Suzuki−Miyaura coupling polymerization reactions adapted
from related thiophenes,4 ﬂuorenes,10 or phenanthrenes.53
The variations comprise popular Pd and phosphine precata-
lysts, bases, solvents, and temperature regimes. The investigated
polymerization conditions are provided in Table 2 (screening)
and Table 3 (functionalized catalysts) and will be discussed in
more detail in the following sections.
General Scope Poly(3,6-carbazole) via Suzuki−
Miyaura Coupling. We begin our screening by applying the
in situ activation of the 3,6-dibromocarbazole (1) with a
diboron reagent (Table 2, entry 1). The initial borylation step
is performed in nonaqueous dimethylformamide (DMF) with
the weak base (KOAc) for 1 h at 90 °C; the subsequent
Suzuki−Miyaura polymerization is initiated by addition of
water in the second stage. The catalyst system is composed of
[Pd2(dba)3] as precatalyst (0.5% per C−Br moiety), which
forms the active catalyst by ligand exchange/loss with
butyldiadamamtylphosphine (BuAdP) as shown in Scheme 1
(step i).52 This special ligand was selected, as a recent study
revealed the selectivity toward borylation, which is desired
Scheme 1. Schematic Representation of the Suzuki−Miyaura
Polymerization Illustrating the Step Growth Charactera
a(i) Formation of the active Pd(0) catalyst from Pd precatalyst.
(ii) Oxidative addition of the active Pd(0) catalyst into the monomer
(n = 1) or formed polymer (n > 1) (in blue). (iii) Transmetalation
step with a second monomer (n′ = 1) or polymer (n′ > 1) (in gray) in
the presence of base (OH−). (iv) Reductive elimination to release the
coupled organic fragments and regeneration of active Pd(0) catalyst.
(v) Illustration of the consequence of ring-walking and/or reinsertion
at the terminal C−Br bond (in this case, the new chain length equals
n + n′). Note: the altered polymerization character via step v (chain
growth) vs steps iv + ii (step growth).
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to achieve a high degree of monofunctionalization. The reac-
tion was quenched with water, and the polymer p1 was isolated
in 44% yield.
The 1H NMR spectrum of p1 is shown in Figure 1, which
reveals three broad signals in the aromatic region, the char-
acteristic N−CH2−group around 4.30 ppm, and the remaining
Scheme 2. Schematic Representation of the Monomer Synthesis and Polymerizationa
aConditions: (i) alkyl bromide, DMSO, NaOH, RT, overnight; (ii) n-BuLi (1 equiv), 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, THF,
− 78 °C, N2, overnight. (iii) Pd
0, phosphine, base, solvent. Essential parameters are indicated above the reaction arrow (phosphine, base, temper-
ature, time). See Experimental Section and Table 1 for details.
Table 2. Initial Polymerizations To Test the Scope of Suzuki−Miyaura Coupling
entry polymer monomer base catalyst quencher solvent cM [mM] T [°C] t [h] isolated yield [%]
1 p152 1 K2CO3 [Pd2dba3], BuAdP H2O DMF/H2O
b 364 90 24 44
2 p239 4 Na2CO3 [Pd(PPh3)4] MeOH PhMe/H2O 67 85 48 52
3 p3 4 K2CO3 [Pd(P
tBu3)2] MeOH THF/H2O 27 RT 24 70
4 p4 3 K2CO3 [Pd(P
tBu3)2] tol-B(OH)2 THF/H2O 25 RT 5.4
c 72
aConcentration of the monomer (in the organic phase in the case of biphasic reactions). bIn situ borylation with bis(pinacolato)diboron in DMF and
then addition of water to initiate polymerization. dba is dibenzylideneacetone, and BuAdP is diadamantyl-n-butylphoshine. cAfter 5.4 h,
p-tolylboronic acid was added, and the reaction continued for 17.3 h.
Figure 1. 1H NMR spectrum (300 MHz, CDCl3) of p1 showing the typical signals of the carbazole backbone centered at 8.55, 7.90, and 7.50 ppm as
well as the N−CH2 group around 4.30 ppm and remaining alkyl proton signals below 2.3 ppm. Residual solvent signals (DMF, MeOH, CHCl3) are
marked by an asterisk.
Figure 2. (a) MALDI-ToF spectrum of p1b (matrix: DCTB + NaCl). Arrow indicates the carbazole repeating unit and associated molar mass. Boxes
indicate selected repeat units for n = 5, 8, and 15. (b−d) Expansion and assigned end groups from isotope simulation. Mass regions are aligned to
indicate corresponding specimen (vertical lines): dominant series of H/H, H/Br, and Br/Br (gray solid lines), H/OH and OH/Br (gray dotted
lines), and minor series of H/Bin, Br/Bin, and Bpin/Bpin (gray dashed lines). The end groups are found on the general order H > OH ≈ Br > Bpin
(cf. text and Figure S29 for more details).
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alkyl signal in the aliphatic region. The SEC data (Figure S20)
indicate the polycondensation behavior, as reﬂected by the high
dispersity values (Mn = 3900 g/mol, Đ = 1.77). Hence, the
polymer was puriﬁed further by fractionated precipitation.45,54
Both obtained fractions (p1a and p1b) are characterized by
lower dispersity values (Đ ≈ 1.4) and higher molar masses
(Mn ≈ 6000 g/mol). Note that the higher molar mass fraction
(p1a) showed a decreased tendency to redissolve, so that the
subsequent analysis was performed on p1b, instead.
The MALDI-ToF mass spectrum of p1b (Figure 2) is
composed of multiple series with the characteristic repeat-
ing unit of the N-alkylcarbazole (277.2 g/mol) of up to 20
repeating units. Note that the semiquantitative analysis of MS
intensity data throughout this article is based on the assumption
that specimen with the same degree of polymerization ionizes
with equal probability; i.e., the desorption process is governed
by the polymer and that end groups have only an inferior
impact. The end groups were further analyzed by isotope
simulation (Figure S29). Figure 2b shows three representative
series from the low molar mass region (5-mer, panel b), the
most abundant specimen (8-mer, panel c), and the high molar
mass tail (15-mer, panel d). The corresponding mass regions
are aligned to assist the comparison of the corresponding
specimen (vertical lines). The major series belong to the
H/H- and Br/H-decorated polymers as well as the correspond-
ing H/OH- and Br/OH-terminated species. Small signals were
also detected for the boronic esters, i.e., the H/Bpin, Br/Bpin
and Bpin/Bpin. The relative contributions are comparable
among the 5-mer, 8-mer, and 15-mer series, so that the
distribution of end groups of p1b is best summarized by the
following order: H > OH ≈ Br > Bpin. Note that also each
subseries (denoted by underline) obey the same order, e.g.,
H/H > H/OH ≈ H/Br > H/Bpin (H-series) or H/Br > OH/
Br ≈ Br/Br > Br/Bpin (Br series). The hitherto observed end-
group distribution suggests substantial H and OH termination,
along with the desired Br and Bpin substitution pattern.
The occurrence of all combinations is tentatively assigned to
the catalyst dissociation from the chain, which enables the
transformation also of the distal functional groups, e.g., by
deboronation and dehalogenation under the aqueous alkaline
conditions.55,56 Note that such side reactions are typically of
minor importance for small organic molecules but lead in the
case of polymerization to termination and thus accumulation
of such specimen. More importantly, this example conﬁrms
the practical utility of diboron reagents for the convenient
homopolymerization of N-alkyl 3,6-dibromocarbazole, which
leads to molar masses comparable to those from related KCTP
protocols.17,18 It should be noted that the unknown extent of
borylation can lead also to Br/Br, Br/Bpin, and Bpin/Bpin
decorated building blocks, which favors a polycondensation
mechanism and, thus, may explain the high dispersity of p1.
Hence, we focused on the asymmetric A−B-type monomers,
which can be readily synthesized and isolated prior to
polymerization. In fact, this possibility is a strategic advantage
of boron derivatives in comparison to more sensitive Grignard
reagents. Hence, we tested the reported protocol utilizing the
AB-type monomer 4.39 The polymerization is performed at
5-fold monomer dilution in a biphasic mixture of toluene
and aqueous Na2CO3 solution at 85 °C using Pd(PPh3)4 as
precatalyst (Table 2, entry 2). The isolated polymer p2 (52%)
showed a more complex 1H NMR spectrum (Figure S11),
while the SEC data revealed a bimodal distribution (∼90:10
peak intensity). The major series (Mn = 2300 g/mol) is in good
agreement with the literature report,39 whereas the minor
distribution corresponds to an apparent molar mass of
40 000 g/mol (Figure S21). The origin of the high molar
mass fraction is unclear, but chain chain couplings are unlikely
to account for this unusually high (20-fold) molar mass and
would not result in such distinctly separated distributions.
We tentatively assign the observation to the possible formation
of charged polymer, which would be repelled by the column
material and, thus, interfer with the size-exclusion separation
principle (see Section 3 in the Supporting Information).57
The MALDI-ToF mass spectrum shows multiple series and
revealed the formation of macrocycles with n ≥ 4 on the basis
of isotope simulations (Figures S30 and S31). This assignment
is corroborated by the results from related Yamamoto coupling
reactions, which reports the formation and identiﬁcation of
the macrocyclic oligomers.45,58 The macrocyclization will be
analyzed in more detail for monomer 3 and by means of a
functionalized initiator (vide inf ra). The analysis of the
remaining signals at higher molar masses revealed also H/H-,
H/Ph-, and Br/Ph-terminated specimen. Whereas the H/H-
terminated series can be explained by dehalogenation and/or
deboronation, the occurrence of Ph-terminated series requires
the participation of the PPh3 ligand of the catalyst, which is
somewhat surprising but a known side reaction under harsh
conditions.59−61
Hence, we further tested [Pd(PtBu3)2], K2CO3 as base, and a
THF/water mixture but applied lower reaction temperature
(23 °C) to retard undesired thermal catalyst dissociation.
The monomer concentration was kept low (25 mM) in order
to screen the inherent limitation by macrocycle formation,
which is enhanced at high dilution conditions.45 Polymer p3
was isolated in good yield (70%), and the SEC analysis
(Figure S22) gave typical molar masses (Mn = 4000 g/mol) and
dispersity values (Đ = 1.53). This result is remarkable in view of
the previous runs because the 13-fold dilution (vs p1) did
not lead to dominant macrocycle formation, as would be
anticipated.45,58 Instead, a higher yield of isolated polymer was
obtained, which featured comparable molar masses but lower
dispersity. In comparison to p2, the polymer p3 was isolated in
higher chemical yield, increased molar mass but not a lower
dispersity. The latter would be expected if macrocycles form
to the same extent because their accumulation in combination
with the growing linear chains would result in a severely
broadened distribution (higher dispersity). The MALDI-ToF
analysis of p3 revealed the presence of macrocycles in the low
molar mass region (around 2000 g/mol), while the higher
molar mass region (>4000 g/mol) showed additionally the
H/H-, H/Br-, and Br/Br-terminated polymers (Figures S32
and S33). We tentatively assign this improvement of the
polymerization characteristics to the lower reaction temper-
ature and decided to investigate the polymerization progress in
more detail for monomer 3 by SEC and MS analysis, i.e., taking
samples at selected times and quench the polymerization
by addition of equimolar amounts of a monofunctional end-
capper.
The SEC elugrams are shown in Figure 3a. The unreacted
monomer elutes at 11.6 mL (t = 0 min), whereas after 15 min a
band at 10.2 mL elution volume was detected. Notably, the
maximum shifted back during the course of polymerization to
higher elution volume (10.4 mL), whereas the shoulder at
shorter elution volumes evolved. This behavior is well explained
by the formation and accumulation of macrocycles in com-
bination with growing linear polymer chains. After 160 min,
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the rise of the macrocycles stops as judged from the virtually
superimposing traces, while the linear polymer bands continue
to evolve. The plot of conversion vs reaction time (Figure 3b)
reveals a fast polymerization, i.e., the monomer conversion of
50% within 15 min, 90% after 160 min, and 97% after 320 min.
At that time, the end-capping reagent tolylboronic acid was
added and allowed to react overnight to reach full conver-
sion. The evolution of molar mass and dispersity is shown in
Figure 3c. Within the ﬁrst 15 min, molar masses of 2200 g/mol
were reached with low dispersity (Đ = 1.15). Note that the
measured unusual high dispersity of the (monodisperse)
monomer (Đ = 1.10) suggests secondary interactions during
SEC analysis, so that all given dispersity values of the polymers
reﬂect an upper bound and the real distributions should be
in fact much narrower. More importantly, the increase of
molar masses and dispersities is steady up to 90%, whereafter
an enhanced increase is observed. This observation is well
explained by the step growth mechanism, which features high
molar masses only at high conversion and suggests further that
the desired end groups (Br and Bpin) are present to promote
the coupling of the oligomer building blocks. In line, the
addition of the end-capping reagent terminates further chain
couplings, as expressed by the comparable ﬁnal molar masses
(Mn = 3100 g/mol) and dispersity (Đ = 1.31). The polymeri-
zation progress was also monitored by MALDI-ToF MS
(Figure S34). The data conﬁrm the formation and growth of
the polymer and/or the macrocycles. However, a discrimination
of high molar mass species was observed, based on the
comparison with the SEC data (showing the evolution of polymers
>160 min, vide supra) and the very similar corresponding
MALDI-ToF proﬁles. Hence, we limit our interpretation to the
low molar mass region (<2500 g/mol) and the identity of
the detected specimen at higher molar masses (>4000 g/mol).
The temporal evolution of the 8-mer series (Figure S35)
revealed the dominating 8-mer macrocycle and various linear
oligomeric species assigned to Br/H-, Bpin/H-, Bpin/Br-decorated
polymers. As expected, the contribution of the macrocycle vs
linear chains increases at later times due to their accumulation
and the growth of the linear chains. The latter is conﬁrmed
upon inspection of the high molar mass region as exempliﬁed
for the 16-mer series (Figure S36), which revealed the pre-
ferential formation of the Br-decorated series. This result is in
perfect agreement with the ﬁnal MS analysis of p1b (vide supra).
Notably the relative distribution of the various oligomeric
macrocycles stays comparable, which is reasonable in view of
the entropic factors that disfavor large macrocycles. After end-
capping with 4-tolylboronic acid (tol-B(OH)2), the MALDI-
ToF spectrum (Figure S37) conﬁrmed the formation of the
H/tol-decorated polymer, but also the residual signal of
Br/H-decorated polymer, which indicates incomplete function-
alization at the given conditions (vide inf ra). The successful but
partial functionalization is further corroborated by the 1H NMR
data of puriﬁed p4 (Figure S13), which revealed the typical
proton signal of the benzyl group at 2.4 ppm.
In summary of the benchmarking study, end-functionalized
poly(3,6-carbazole) and/or the corresponding macrocycles can
be prepared in high yields via in situ generation of the monomer
(p1) or employing the Br/Bpin-functionalized monomers
(p2−p4). The analysis conﬁrms45 that high dilution condi-
tions favor the formation of macrocycles (e.g., p1 vs p4), which
accumulate during the course of the polymerization and, thus,
dominate in the ﬁnal product. The kinetic analysis of p4
revealed fast kinetics already at room temperature, and the MS
analysis conﬁrmed the possibility to terminate the polymer-
ization by an end-capping reagent. The large discrepancy in the
molar mass between p3 and p4, which were prepared under
comparable reaction conditions, is tentatively assigned to
the sampling during the kinetic analysis, which may trigger
detrimental termination reactions by e.g. introduced O2.
Initiation by Functionalized Pd Catalyst. The previous
results and the published data indicate that macrocycle
formation is an inherent side reaction, particularly at low con-
centrations. Hence, we decided to prepare a functionalized
Pd catalyst prior to polymerization10 in order to prevent
macrocycle formation. In this regard, the presence of the
modiﬁed initiator also becomes a valuable diagnostic tool for
end-group analysis. In addition, we anticipated that lower
reaction temperatures may help to diminish thermal dissocia-
tion of the active catalyst during polymerization and, thus,
may sustain the ring-walking necessary for the chain growth
mechanism. Finally, we selected low concentrations of the
monomers due to the following arguments: If the active catalyst
is released, it will initiate new chains with complementary
Br/Bpin functionality. In this case, the high dilution conditions
will trap such oligomeric side products by their favored macro-
cyclization, which can be readily removed by precipitation,
Figure 3. (a) Normalized SEC traces of p4 sampled at selected times, illustrating the formation of linear polymer and macrocycles (eluent:
chloroform/isopropanol/triethylamine [94:2:4]). Arrows indicate evolution of peak maximum from 10.2 to 10.4 mL and concomitant growth of
high molar mass shoulder. Monomer elutes at 11.6 mL. (b, c) Kinetic analysis: (b) conversion vs time and (c) molar mass (squares, left axis) and
dispersity (stars, right axis) vs conversion. See (a) for color code of data points.
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preparative size exclusion chromatography or Soxhlet extrac-
tion.45,58
The active Ph-decorated Pd(II) catalyst was prepared and
puriﬁed prior to the polymerization of monomer 3 (Scheme 3),
which is performed under milder reaction conditions than
before (vide supra). In particular, lower temperatures (0 °C or
rt) and high dilution of the monomer (14−23 mM) were
applied in order to diminish catalyst dissociation and to trap
any undesired initiated chains as their macrocycles (vide supra).
The exact experimental conditions were adapted from related
conjugated polymers4,10,53 and are compiled in Table 3. The
ﬁrst run utilizes the base CsF in a THF/water mixture at 0 °C,
including the masking of the cation by 18-crown-6 to enhance
the Lewis basicity of the ﬂuoride, which is required to achieve
Suzuki−Miyaura cross-coupling (p5, entry 1).4 The second and
third runs apply Na2CO3 (p6) or K2CO3 (p7) as bases in a
mixture of THF and water at room temperature.10,53 The main
diﬀerence is tentatively ascribed to the solubility of the base in
THF and the signiﬁcantly shorter reaction time for p6 (entry 2)
vs p7 (entry 3). The three polymerization reactions were
quenched by HCl and the crude polymers were isolated by pre-
cipitation in MeOH.
The 1H NMR spectra of the p5−p7 (Figures S14−S16)
show the presence of the typical polymer-related signals as well
as additional sharp signals sets in the aromatic region.
The comparison of the SEC data is shown in Figure 4a and
revealed a bimodal distribution, which belong to low molar
mass oligomers (around 10 mL) and a varying amount of a
high molar mass fraction (<9 mL). The MALDI-ToF spectra of
all three polymers (Figure 4b) revealed the same dominant
series with molar masses up to 2500 g/mol, whereby the
spectrum of p7 shows additional series. For all polymers, the
major series was identiﬁed by isotope simulation as macrocycles
(Figures S38−S42). The large discrepancy between SEC data
(substantial formation of polymers) and the MALDI-ToF data
(dominantly oligomeric macrocycles) prompted us to reinspect
the MS data in more detail. The analysis of the 8-mer and
16-mer series of p5−p7 is provided in Figure S43 and revealed
the formation of the Ph/H- and Ph/Br-decorated species,
which form via protolysis during work-up and/or catalyst
dissociation during polymerization, respectively. The latter
process releases active Pd(0) catalysts, which are capable to
initiate new chains, and thus explains the occurrence of the
related Bpin-containing specimen (Bpin/Br and Bpin/H) as
well as the macrocycles via intramolecular termination under
the applied high dilution conditions (vide supra).45 Further-
more, the comparison of the MALDI-ToF data and isolated
yields for p6 vs p7 suggests that macrocycle formation already
occurs in the early stage of the polymerization (0.5 h vs 24 h)
or low conversion (32% vs 66% yield)in agreement with the
kinetic study. More importantly, the apparent mass discrim-
ination led us to purify polymer p5 by preparative size exclusion
chromatography because it showed the highest content of linear
polymers vs macrocycles according to SEC. Several fractions
Scheme 3. Preparation of Ph-Functionalized Pd(II) Initiator for Subsequent Polymerizationa
aConditions: (i) neat, 70 °C, 2.5 h;10 (ii) base, solvent. See Experimental Section and Table 3 for details.
Table 3. Polymers Prepared from Phenyl-Functionalized Initiators
entry polymer monomer base catalyst quencher solvent cM [mM] T [°C] t [h] isolated yield [%]
1 p54 3 CsF/18-crown-6 [(PtBu3)Pd(Ph)Br] HCl THF/H2O 14 0 24 77
2 p610 3 Na2CO3 [(P
tBu3)Pd(Ph)Br] HCl THF/H2O 23 RT 0.5 32
3 p753 3 K2CO3 [(P
tBu3)Pd(Ph)Br] HCl THF/H2O 20 RT 24 66
Figure 4. (a) Normalized SEC traces (eluent: chloroform/isopropanol/triethylamine [94:2:4]) of p5, p6, and p7 showing the formation of
macrocycles (9.3−10.7 mL, light gray box) and varying amounts of linear polymer (7.5−9.2 mL). Signals <7.5 mL are attributed to artifacts arising
from charged polymers. (b−d) MALDI-ToF spectra of p5 (b), p6 (c), and p7 (d) illustrating macrocycle formation (n ≥ 4) in the low molar mass
region. Note the potential suppression of higher molar mass specimen, which are present according to the corresponding SEC data (a).
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were collected and analyzed by MALDI-ToF (Figure S44). The
high molar mass fraction contained only small residual amounts
of macrocycles/oligomers, as exempliﬁed for p5a by to SEC
analysis (Figure S24) and MALDI-ToF data (Figure 5).
The low molar mass region of p5a reveals residual macro-
cycles, while the high molar mass region is dominated by the
Ph/H-decorated polymers up to 10 000 g/mol. According to
the peak areas of the SEC traces of crude p5 (Figure S24),
the ratio of linear polymers to macrocycles corresponds to
approximately 60:40.
In conclusion, the investigated methodology to apply a
functionalized initiator at reduced reaction temperatures and
monomer concentration aﬀorded for the ﬁrst time telechelic
poly(3,6-carabzole) with high end-group ﬁdelity but required
removal of the inherently formed macrocyclic side products.
The occurrence of the latter conﬁrms catalyst dissociation and
reinitiation of new chains (vide supra, Scheme 1) but also the
eﬃcient macrocyclization at high dilution. On the basis of the
UV-SEC trace, approximately 60% of the polymer accounts
for the telechelic homopolymers (Figure S24). Notably,
the removal of undesired macrocycles can be conveniently
achieved, as demonstrated by size exclusion chromatography or
by reported extraction methods.39,45 The isolated telechelic
polymer (p5a) displays a fairly narrow distribution (Đ ≈ 1.25)
by SEC analysis and a molar mass reaching up to 10 000 g/mol
including high end-group ﬁdelity according to MALDI-ToF
analysis. Note that the true molar masses may be even higher
considering the observed mass discrimination eﬀect, while the
values from SEC data applying PS calibration are likely over-
estimated in case of stiﬀened polymer backbones (see Sections 3
and 4 in the Supporting Information). At this stage, the precise
role of the base, the monomer concentration, the reaction
temperature, and particularly the catalyst system remains to
be elucidated, and the reaction conditions may be further
optimized, which is beyond the scope of this study.
Termination by Functionalized Reagents. As a
consequence of the inevitable catalyst dissociation, the scope
of termination using functionalized end-capping agents was
revisited (Scheme 4), as our initial test (p4) already indicated
this possibility. Hence, the general experimental conditions
were adapted from p4 to explore the functionalization of both
terminal moieties, i.e., modifying the Bpin-group using tetra-
hydropyranyl(THP)-protected p-bromophenol (p8) as well as
the Br-substituent using the pinacol ester of p-azidobenzyl-
boronic acid (p9). In the former case, the capping of the Bpin
terminus requires free Pd(0) catalyst in the reaction mixture,
which would be capable of oxidative addition into the aryl−
halogen bond of the end-capping agent and, subsequently,
of Suzuki−Miyaura coupling with Bpin-decorated polymer
chains. Hence, this methodology would sustain the chain
growth mechanism as long as the catalyst stays associated with
Figure 5. (a) MALDI-ToF mass spectrum of p5a (matrix: DCTB) showing the macrocycles (black dotted line) and linear domain (blue dashed line,
singly and doubly charged). (b, c) Expansions of low molar mass region (b) and high molar mass region (c) with assignment of dominating species,
i.e., cyclic octamer (b) and Ph/H-decorated linear monomer.
Scheme 4. Preparation of End-Capped Poly(3,6-carbazole)sa
aConditions: (i) [Pd(PtBu3)2], K2CO3, THF/H2O, rt, 6 h (except p4:
24 h); (ii) p-tolylboronic acid or 5, 18 h, rt; (iii) 6, 18 h, rt.
See Experimental Section for details.
Figure 6. Normalized SEC trace of p3, p4, p8, and p9 (eluent:
chloroform/isopropanol/triethylamine [94:2:4]). Artifact marked by
an asterisk (see Results and Discussion for explanation).
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the growing chain. In contrast, the reverse strategy to use an
end-capper bearing a boronic ester would terminate eﬀectively
the growing chains, which precludes the coupling of chains to
reach high molar masses at high conversions (vide supra).
These features can explain the observed systematic diﬀer-
ences in the SEC data of p3 or p8 vs p4 or p9 (Figure 6),
respectively.
The partial end decoration of p8 is indicated by 1H NMR
analysis (Figure S18) by the weak signal at 6.85 ppm, which is
characteristic for a phenolic unit that forms via deprotection of
the THP group under the acidic conditions. The MALDI-ToF
mass spectrum (Figure S46) is dominated by macrocycles,
but it also revealed PhOH-decorated chains (Figure S47):
At low molar masses (4-mer series), the occurrence of PhOH-
decorated chains can be reasoned by the initiation of the added
reagent and subsequent oligomerization of residual monomer.
In the intermediate mass region, the spectrum is dominated by
the accumulated macrocycles, as discussed before. More
interestingly, the presence of PhOH-decorated chains at high
molar masses indirectly conﬁrms the presence of Bpin-decorated
polymer chains. However, these specimen are only detected
in trace amounts, which parallels the results from the 1H NMR
analysis and previous MS results; i.e., the functionalization is far
from quantitative due to substantial deboronation leading to
the H/Br series. Hence, the complementary strategy for end-
functionalization was investigated, i.e., employing azidomethyl-
phenylboronic pinacol ester for derivatization of the bromine
terminus (p9). Indeed, the 1H NMR spectrum displays a broad
singlet at approximately 4.4 ppm, which is characteristic for
methylene protons next to the azide functionality (Figure 7).
Additionally, the IR spectrum indicates the successful function-
alization due to the appearance of a diagnostic signal for azide
(around 2100 cm−1). Unfortunately, the end functionalization
could not be further veriﬁed by MALDI- or ESI-ToF MS
analysis under various conditions, which is tentatively attributed
to the known instability of the azide group during ion-
ization.62,63 Hence, only macrocycles or undeﬁned fragments
were detected. Nevertheless, the 1H NMR and IR datain
conjunction with the disappearance of typical MS peakssuggest
the successful preparation of telechelic poly(3,6-carbazole).
■ CONCLUSION
The polymerization of bifunctional 3,6-carbazole was system-
atically investigated (Table 1) and analyzed in detail by
1H NMR spectroscopy, SEC, and mass spectrometry, which are
compiled in the Supporting Information. The latter technique
enabled the detailed analysis of end groups and supported the
identiﬁcation of limiting processes, which are discussed in terms
of the mechanism of the catalytic cycle. It was found that no
strict end-group control is observed during the regular Suzuki−
Miyaura coupling polymerization, despite the facile preparation
of the polymers in good isolated yields. In addition, macro-
cyclization of the oligomers was identiﬁed as an accompanying
process, particularly at low monomer concentrations. Although
undesired, this side reaction can be utilized to prepare telechelic
poly(3,6-carbazoles) using prefunctionalized initiators: The
regularly initiated chains grow and cannot undergo macro-
cyclization, while the portion of dissociated catalyst can
reinitiate new chains. Importantly, the complementary func-
tionality (Bpin/Br) and the high dilution conditions ensure
the trapping as oligomeric macrocycles. Accordingly, the linear
polymers are obtained as the major product and can be
separated from the macrocycles by preparative size exclusion
chromatography or extraction methods. Alternatively, the
decoration with terminating agents is possibly, in particular
by the application of functionalized boronic esters. The further
optimization of reaction conditions and utilization of the
telechelic poly(carbazoles) is beyond this initial study and
will be reported in due course. In summary, the Pd-catalyzed
Suzuki−Miyaura coupling polymerization represents a versatile
alternative to Ni-based couplings, e.g., the KCTP or Yamamoto
coupling. If the end groups are not of importance, a simple
diboron reagent can be utilized for homocoupling (p1), while
the macrocycles can be selectively obtained using the bifunc-
tional A−B type monomer working under high dilution con-
ditions. More importantly, the utilization of functional Pd(II)
initiators or monofunctional boronic esters as end-capping
reagents are a potent approach to yield telechelic poly(N-alkyl-
3,6-carbazoles).
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Block copolymer-type architecture with a central RuII sensitizer 
core: Conjugated poly(carbazole) for enhanced charge separation 
Robert Schroot, Tina Schlotthauer, Benjamin Dietzek, Michael Jäger,* Ulrich S. Schubert*  
 
Abstract: Hierarchical macromolecules were prepared from a Ru(II) 
photosensitizer precursor. Following a modular chemistry-on-the-
complex approach, only two coupling steps were required to attach 
the telechelic redox-active polymer chains via orthogonal end groups. 
The conjugated poly(3,6-carbazole) chain and styrenic 
poly(naphthalene diimide) segments act as electron donor and 
acceptor sites upon excitation of the interjacent Ru unit, as detailed 
by steady-state and time-resolved spectroscopy. The light-induced 
charge separation is completed within a few nanoseconds (>95%) 
and persists up to several tens of microseconds. The charge 
recombination is significantly reduced in comparison to conventional 
low-molecular photosystems (factor of 10) or to non-conjugated 
congeners (factor of 3), which reflects the higher charge mobility in 
conjugated polymers. In summary, the facile modular synthesis and 
the efficient long-lived charge separation demonstrate the feasibility 
for energy conversion. 
The efficient conversion of photo into electrical or chemical bond 
energy can be achieved – among others – by molecular 
photosystems composed of functional building blocks.[1-6] The 
versatility of this approach relies on precisely tailored units for 
light absorption and charge separation, as demonstrated in 
molecular triads reaching impressive quantum efficiencies (up to 
95%).[4] In these architectures, charge separation occurs after 
initial light absorption by the photosensitizer (P). In this regard, 
Ru(II) poly-pyridyl-type complexes often serve as versatile 
photosensitizer owing to their remarkable excited state 
properties.[7] Following the common oxidative quenching 
pathway, an electron is transferred from P* to the acceptor (A), 
while the donor (D) regenerates the photosensitizer by 
subsequent electron transfer and the fully charge separated 
(CS) state is obtained. In molecular model systems, the charges 
are reside on the single donor and acceptor sites and often 
inevitably recombine, before they can be harnessed, e.g., by 
charge extraction (photovoltaics) or coupled catalytic processes 
(photosynthesis). In this regard, the incorporation of multiple 
donor/acceptor sites is attractive, but the convergent syntheses 
are often (prohibitively) elaborate in the case of low-molecular 
model systems. Alternatively, polymer chemistry offers an 
elegant route to tailored photo- and electrochemically active 
macromolecules,[8] which can provide charge percolation 
pathways, perform charge accumulation as well as a phase 
segregation of the donor/acceptor domains ‒ as demonstrated 
by organic photovoltaics.[9-15] Numerous conceivable 
macromolecular photosystems are reported, e.g, Ru-decorated 
oligopeptides,[9-10] poly(styrene)s,[12] poly(acrylates)s,[13] 
poly(thiophene)s,[16] poly(fluorene)[15] or poly(fluorene-co-
thiophene)[14]. Notably, the early examples comprise statistical 
assemblies, mainly due to the available polymerization 
techniques at that times. Hence, the progress in polymer 
science enables nowadays an a priori design and the 
preparation of well-defined functional macromolecules, which 
constitute of independently prepared functionalized building 
blocks,[8] e.g., multi-donor (Dn) and multi-acceptor (Am) polymers. 
Furthermore, such building blocks can be connected in a 
modular fashion by means of divergent syntheses to minimize 
the synthetic efforts substantially and to prepare linear Dn−P−Am 
architectures for directional charge separation. The linear 
arrangement of the attached polymer chains around P ensures 
their maximal mutual distance, which is one important factor to 
minimize charge recombination between the charge–carrying 
sites. Recently, we reported the facile synthesis of telechelic 
poly(triarylamine) and poly(naphthalene diimide) by nitroxide-
mediated polymerization (NMP), and their facile modular 
assembly was reported for various dyads (Dn−P or P−Am).[17-21] 
Notably, the efficient charge separation upon excitation was 
demonstrated.,[19, 22] revealing a remarkably long-lived 
component (2,400 ns) that is assigned to charge migration within 
the polymer. 
In this contribution, the poly(triarylamine) block of the previous 
Dn−P−Am architecture was replaced by a conjugated telechelic 
poly(3,6-N-alkylcarbazole), since conjugated polymers are 
known to feature higher charge charrier mobilities[23-29] and, thus, 
may prolong the CS life time. Notably, the desired triad can be 
readily prepared due to the chosen modular character of the 
chemistry-on-the-complex approach as outlined in Scheme 1. 
The individual synthesis of the poly(3,6-carbazole) (pCarb),[30] 
the poly(naphthalene diimide) (pNDI),[18] and the bis-
functionalized Ru(II) precursor complex[18, 22] have been reported. 
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Figure 3. (a) Transient absorption data of Dn−P−Am from 10 to 460 ns showing the formation of absorption features characteristic for the reduced pNDI- (470 and 
605 nm) and the oxidized pCarb+ (430 and above 600 nm) (purged solution, CH2Cl2, excitation at 500 nm). Note, that all spectra from 100 to 460 ns were scaled 
by the factor five to enhance the visibility of the spectral changes. (b) The combined absorption spectra of the reduced pNDI- and the oxidized pCarb+ resemble 
the TA traces from 400 to 460 ns and indicate the formation of a charge separated state. Spectral artefacts from pulse and Raman scatter are marked with an 
asterisk. Spectral intervals are 10 nm. 
modularity of the approach was ensured by the orthogonal 
linkage strategy and facile purification protocols, which enabled 
the successful design based on inherent optical and redox-
chemical properties of the building blocks. Due to the optical 
transparency of the polymers in the visible light region, the 
selective excitation of the photosensitizer occurs and triggers 
light-induced energy and/or electron transfer. Efficient charge 
separation was observed, as unambiguously identified by 
transient absorption spectroscopy. The charge separated state 
features a long-lived component with a remarkably long life time 
(7 ȝs), which is assigned to secondary electron transfer steps 
within the polymers. The comparison of a non-conjugated 
poly(triarylamine) vs. conjugated poly(3,6-carbazole) donor 
chains revealed a lifetime enhancement by a factor of three, 
which indicates the utility of conjugated polymers to achieve 
long-lived light-induced charge separation. The presented 
approach combines simple and versatile syntheses with highest 
structural and photochemical control within the assembly, in 
particular of the interface between n- and p-conducting domains. 
In addition, these beneficial features may be utilized in phase-
separating materials, in order to transduce the optical stimulus 
into a long-lived redox-chemical response. 
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Extending Long-lived Charge Separation Between Donor and
Acceptor Blocks in Novel Copolymer Architectures Featuring a
Sensitizer Core
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Abstract: A bifunctional RuII photosensitizer unit was deco-
rated with one n- and one p-type polymer chain to form
precisely controlled hierarchical copolymer-type architec-
tures for light-induced charge separation. The applied mod-
ular chemistry-on-the-complex strategy benefits from sepa-
rately prepared building blocks and their orthogonal linkage
in the two final assembly steps. Upon visible light absorp-
tion, electron transfer is initiated between the conjugated
poly(3,6-carbazole) chain and the styrenic poly(naphthalene
diimide) segments. Steady-state and time-resolved spectros-
copy show complete charge separation within a few nano-
seconds (>95% efficiency) persisting several tens of micro-
seconds. The recombination is significantly reduced in com-
parison to low-molecular model systems or to non-conjugat-
ed congeners, reflecting the higher charge mobility in conju-
gated polymers. In summary, the modularity of the
presented approach is expected to serve as a versatile plat-
form to tailor the interface between the charge transport
domains in a systematic fashion.
Introduction
The efficient interconversion of photoenergy into electrical or
chemical bond energy can be achieved, among other ways, by
molecular photosystems composed of functional building
blocks.[1–6] The versatility of this approach relies on precisely
tailored units for light absorption and charge separation, as
demonstrated in molecular triads reaching impressive quan-
tum efficiencies (up to 95%).[2] After photon absorption by the
photosensitizer (P), electron transfer steps occur to the at-
tached donor (D) and/or acceptor (A) sites and the individual
rates are controlled by the nature of the linkage (bridge).[7–11]
Very long charge-separated (CS) lifetimes exceeding the micro-
second timescale can be achieved,[12] for example, to harness
the generated electrochemical potential in photovoltaic or by
coupled catalytic processes. In this regard, RuII polypyridyl-type
complexes often serve as versatile photosensitizer owing to
their remarkable excited state properties.[13] In molecular D–P–
A systems, the charges reside ultimately on the single donor
and acceptor sites and often inevitably recombine, before they
can be harnessed. Hence, the incorporation of multiple donor/
acceptor sites is attractive, but the convergent syntheses are
often (prohibitively) elaborate in the case of low-molecular
model systems.
Alternatively, polymer chemistry offers an elegant route to
tailored photo- and electrochemically active macromole-
cules,[14] which a priori provide charge percolation pathways,
can perform charge accumulation as well as a phase segrega-
tion of the donor/acceptor domains—in close resemblance of
modern organic photovoltaics.[15–21] The versatility to design
and construct macromolecular photosystems is evident from
the reports on Ru-decorated oligopeptides,[15,16] poly(styr-
ene)s,[18] poly(acrylates)s,[19] poly(thiophene)s,[22] poly(fluor-
ene)[21] or poly(fluorene-co-thiophene).[20] Notably, most of the
early examples comprised statistical assemblies and/or grafted
macromolecules, mainly due to the available polymerization
techniques (and their limitations) at that time. As a conse-
quence, most of the aforementioned macromolecules are
devoid of charge percolation pathways, despite their simple
preparation. In order to diminish unfruitful recombination of
the photo-generated charges, the (macro)molecular assembly
must sustain charge transport, for example, to reach external
electrodes or catalytically active sites. The recent advances in
polymer science enables an a priori design and the facile prep-
aration of well-defined functional macromolecules from photo-
and redox-active building blocks. In other words, functional-
ized polymers can be tailored and prepared (e.g. , multi-donor
(Dn) and multi-acceptor (Am) polymers) with the desired opto-
electronic properties.[14] More importantly, such building blocks
can be interconnected afterwards through the chain end’s
functional group in a modular fashion, leading to advanced ar-
chitectures. In addition, such divergent syntheses further mini-
mize substantially the synthetic efforts, which permits the sys-
tematic exploration of Dn–P–Am architectures. Recently, we re-
ported the facile synthesis of telechelic poly(triarylamine) and
poly(naphthalene diimide) by nitroxide-mediated polymeri-
zation (NMP), and their facile modular assembly was reported
for various dyads (Dn–P or P–Am).
[23–27] Notably, the efficient
charge separation upon excitation was demonstrated,[25,28] re-
vealing a remarkably long-lived component (2,400 ns) that is
tentatively assigned to charge migration within the polymer.
In this contribution, the poly(triarylamine) block of the previ-
ous Dn–P–Am architecture was replaced by a conjugated tele-
chelic poly(3,6-N-alkylcarbazole), since conjugated polymers
are known to feature higher charge charrier mobilities[29–35]
and, thus, may prolong the CS life time.
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Results and Discussion
Synthesis and characterization
The desired triad can be readily prepared due to the chosen
modular character of the-chemistry-on-the-complex approach
as outlined in Scheme 1. The individual syntheses of the
poly(3,6-carbazole) (pCarb),[36] the poly(naphthalene diimide)
(pNDI),[24] and the bis-functionalized RuII precursor com-
plex[24,28] have been reported. The novel donor dyad Dn–P was
prepared from telechelic poly(3,6,-carbazole) via the copper(I)
catalyzed azide–alkyne cycloaddition (CuAAC). The applied re-
agents, that is, CuIBr as catalyst, PMDETA as base and DMF as
solvent are known to be efficient for the linkage of related
azide-decorated polymers with complexes.[24] However, longer
reaction times and elevated temperatures were required as
shown by analytical size-exclusion chromatography (SEC) and
TLC analysis. The purification was conveniently accomplished
by preparative SEC using a commercial resin (Toyopearl HW-
55F). The successful linkage was confirmed by UV/Vis SEC anal-
ysis and MALDI-TOF mass spectrometry (Figure S8). The syn-
thesis of the corresponding reference complex (P) was report-
ed previously,[24] whereas the synthesis of the triad embarked
from the bis-functionalized RuII precursor (X=OH).[28] First, the
precursor dyad P–Am was prepared analogously to our estab-
lished protocols.[24] The nucleophilic substitution of the hydrox-
yl group with benzyl-halide decorated poly(naphthalene dii-
mide) afforded P–Am in very good yields (75%). Next, the ter-
minal alkyne group was quantitatively deprotected with
(nBu4)NF without the need of chromatographic purification.
The final coupling step by CuAAC as described above gave the
desired Dn–P–Am triad. Notably, an excess of the donor poly-
mer was used to account for residual macrocycles,[36] which
cannot undergo coupling and are readily separated by prepa-
rative SEC. In contrast, the removal of unreacted acceptor dyad
to obtain pure Dn–P–Am was more challenging due to the mar-
ginal increase in molar mass of the triad versus the dyad. This
hypothesis is corroborated by the 1H NMR spectra of pCarb, P–
Am and Dn–P–Am (Figure 1), which reveal the characteristic but
weak resonances of the poly(carbazole) in the final Dn–P–Am
triad. Although no MS data could be obtained to confirm the
covalent linkage, the comprehensive 3D SEC analysis strongly
suggests the covalent linkage. As expected, the elution profiles
feature mono-modal distributions with decreased elution times
due to the increased size (hydrodynamic volume) of the com-
pounds, and the associated UV/Vis spectra correspond to the
building blocks (see Supporting Information Section 5 for ex-
planation and Figures S11–S15).
Steady-state spectroscopy
The photophysical properties of the triad and the respective
subsystems were investigated by steady-state and time-re-
solved spectroscopy. The light-induced electron transfer within
the acceptor dyad P–Am has been established previously,
[24,25]
hence we deliberately limit the discussion to the reference
photosensitizer (P), the novel donor dyad (Dn–P) and the final
Dn–P–Am triad. Figure 2 depicts the absorption spectra of the
new compounds, which display the additive spectral features
Scheme 1. Modular assembly of the photosystem Dn–P–Am (grey shaded) including the reference subsystems P, Dn–P, and P–Am (black boxes) starting from
building blocks: Bis-functionalized Ru-precursor (red) and telechelic polymers pCarb (blue) and pNDI (green). See right side for chemical structures. Reagents
and conditions: i) CuBr, PMDETA, DMF, N2, 80 8C, 101 h; ii) K2CO3, KI, DMF, N2, 60 8C, 77 h; iii) (a) (nBu4)NF·H2O, THF, (b) CuBr, PMDETA, DMF, N2, 80 8C, 96 h.
Figure 1. Proton NMR spectra of pCarb, P–Am and Dn–P–Am (300 MHz, CDCl3
or CD2Cl2). The appearance of broad resonances of pCarb at approximately
7.4, 7.9 and 8.6 ppm (orange doted boxes) indicates the successful prepara-
tion of the triad Dn–P–Am. Note residual solvent signals in the aliphatic
region of the triad.
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of the individual building blocks (Figure S19). The polymers
dominate the absorption in the UV region, that is, poly(carba-
zole) (312 nm) and poly(naphthalene diimide) (360 and
380 nm), whereas the RuII complex exclusively absorbs above
400 nm and stretching up to 600 nm. Note that these spectral
features ensure the selective excitation of the photosensitizer
by visible light, which benefits the analysis of the light-induced
events with respect to less hierarchically and functionally de-
fined polymer architectures (vide supra).[2] The steady state
emission spectra are composed of Ru-based 3MLCT emission
(around 690 nm) and polymer-assigned emission below
650 nm (Figure S21), in agreement with reported data of
poly(3,6-carbazoles)[37] and poly(naphthalene diimide).[24,25]
Upon comparison of the 3MLCT emission of P versus Dn–P, a
noticeable quenching (@25%) was observed (Figure S21),
which is assigned to reductive quenching. The poly(3,6-carba-
zole) exhibits a formal redox potential of 0.22 V vs. Fc+ /0 (Fig-
ure S16), which gives a driving force estimate of +0.24 eV for
reductive quenching (see Supporting Information Section 6 for
details). Note, that this value represents a conservative upper
bound estimate, as the (attractive) coulombic work term and
the favorable entropic factors due to multiple donor sites are
neglected. Hence, in view of the long excited state lifetimes,
the minor reductive quenching pathway cannot be ruled out
and the transient absorption data further supports this hypoth-
esis (vide infra). Note, that 3MLCT quenching by energy transfer
is unlikely due the unfavorable energetics, as the emission of
the poly(carbazole) occurs at higher energies (<650 nm).[37]
More importantly, the triad Dn–P–Am shows an almost quanti-
tative 3MLCT emission quenching by 96% (Figure S22), in excel-
lent agreement with the oxidative quenching that has been
previously identified for the P–Am subsystem.
[25] In order to fa-
cilitate the unambiguous identification of the charge-separated
states in the following section, the spectral signatures of the
reduced poly(naphthalene diimide) (pNDI@) and the oxidized
poly(carbazole) (pCarb+) were determined (see Supporting In-
formation Section 7 for details).
Time-resolved measurements
Next, time-resolved emission and transient absorption (TA)
measurements were performed to detail the light-induced
charge separation. Representative 3MLCT emission traces of the
triad and the references are displayed in Figure 2b. The photo-
sensitizer P exhibits a mono-exponential decay with a lifetime
of 2.9 ms, while the donor dyad Dn–P gives 1.7 ms. The formal
decrease in lifetime (@41%) is in qualitative agreement with
the decreased steady state emission intensity (@25%).[38] More
importantly, the triad Dn–P–Am features an emission decay on
a much shorter time scale (<10 ns, Figure S25), which suggests
an almost quantitative oxidative quenching (>99%) based on
the lifetimes data. In order to confirm these hypotheses, transi-
ent absorption (TA) spectra were recorded in the visible region
(10 nm intervals) to identify the intermediately formed states
(Figure 3). In the case of P, the TA traces decay with a lifetime
similar to that obtained from emission measurements (Fig-
ure 2c), and the spectral domain shows several isosbestic
points (Figure S26). Similarly, the TA signals of Dn–P decay with
Figure 2. (a) Normalized absorption spectra of Dn–P (grey), Dn–P–Am (black)
and P (red) in CH2Cl2 (solid symbols). The colored-shaded area depicts the
absorption spectra of the individual polymers pCarb and pNDI. Note the
scaling (V5) of the 1MLCT region (>400 nm) to assist visibility of Ru-based
absorption (hollow symbols). (b) Time-resolved emission in purged CH2Cl2
(lexc=500 nm, ldet=750 nm except for P with 700 nm). Note the significant-
ly faster quenching of Dn–P–Am vs. P or Dn–P (lem=700 nm). The red-shifted
emission detection was chosen to minimize polymer-based contribution
(see text). (c) Transient absorption traces of P’, Dn–P (470 nm) and Dn–P–Am
(475 nm) indicating the formation of a long-lived charge separated state in
the triad. Note, that scaling (V10) after 10 ms to assist visibility (hollow sym-
bols).
Figure 3. (a) Transient absorption data of Dn–P–Am from 10 to 460 ns show-
ing the formation of absorption features characteristic for the reduced
pNDI@ (470 and 605 nm) and the oxidized pCarb+ (430 and above 600 nm)
(purged solution, CH2Cl2, excitation at 500 nm). Note, that all spectra from
100 to 460 ns were scaled by the factor five to enhance the visibility of the
spectral changes. (b) The combined absorption spectra of the reduced
pNDI@ and the oxidized pCarb+ (see Supporting Information Section 7) re-
semble the TA traces from 400 to 460 ns and indicate the formation of a
charge separated state. Spectral artefacts from pulse and Raman scatter are
marked with an asterisk. Spectral intervals are 10 nm.
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comparable lifetimes as determined from emission measure-
ments, but the spectral domain revealed an additional compo-
nent below 700 nm at short timescales (<30 ns). The origin is
traced to polymer-based emission from the corresponding
emission profiles (Figure S26a), in excellent agreement with
the previously assigned polymer-based emission.[25] At longer
time scales, the global fit gives a spectral signature that differs
from the photosensitizer due to contributions by reductive
quenching. In marked contrast, the triad Dn–P–Am shows
short-lived Ru emission but long-lived TA signals. The TA decay
at 475 nm is best described by a biexponential kinetics with
associated lifetimes of 0.7 ms (83%) and 7.2 ms (17%). The
faster component is comparable to those of a related molecu-
lar triad (<200 ns) and, thus, is assigned to the corresponding
initial charge-separated state. The slower recombination is rea-
sonable in view of the unsaturated flexible linkage to the poly-
mer. More importantly, the long-lived component exhibits the
prolonged charge separation by a factor of 3 with respect to
the poly(triarylamine)-based (pTARA) congener (2.4 ms).[28] In
both cases the light-induced charge separation proceeds pri-
marily via oxidative quenching to transfer an electron first to
the acceptor chain and subsequently to regenerate the active
photosensitizers by secondary electron transfer from the donor
chain. Although the linkage pattern is reversed among both
triads, which may affect the kinetics of initial oxidative quench-
ing,[39] the recombination of the fully charge separated state
depends on the overall distance of the oxidized donor and re-
duced acceptor units, which would be the same again for both
triads. Based on this hypothesis, the observed difference in re-
combination is interpreted in terms of the different nature of
the donor chains. In the case of the pTARA-based triad, the
redox active units are electronically decoupled through the sa-
turated backbone and the charge migration follows a hoping
mechanism. Instead, the pCarb-based triad consists of carba-
zole subunits with sizable electronic coupling. As a conse-
quence, the hole may delocalize more readily,[40] which would
facilitate a more efficient spatial charge separation and conse-
quently also the observed diminished recombination rates.
Global analysis
Global fits of the corresponding TA data were performed to
discern possible spectral differences and to summarize the
transient absorption data (Figure 4). Note, that only the long-
lived parts (>100 ns) were used to exclude contributions from
polymer-based emission (<30 ns, Figure S26). As a conse-
quence, the obtained lifetimes vary slightly but generally re-
produce the previous values from selected wavelengths. The
photosensitizer P features four isosbestic points due to the
1MLCT bleach, positive 3MLCT absorptions and 3MLCT emission.
Upon decoration with the donor chain, the Dn–P dyad features
systematic changes of the isosbestic points. The bathochromic
shifts around 450 and 700 nm, and the hypsochromic shift at
750 nm are attributed to the interactions between the donor
chain and excited photosensitizer. Polymer-based emission
should by ceased (vide supra) and, thus, reductive quenching
may occur to generate pCarb+ and P@ . The oxidized polymer
features positive TA contributions in the NIR region according
to the redox titration data (Figure S18), while the reduced Ru
complex formally re-populated the 1MLCT bleach. Both fea-
tures are qualitatively present in the spectral profile. In con-
junction with the shorter emission lifetime versus P, reductive
quenching for Dn–P on the microsecond time scale cannot be
excluded. Finally, the Dn–P–A shows markedly different spectral
components from the previous cases, due to very efficient
electron transfer steps to form the fully charge separated state.
Both components display identical spectra, which corroborates
the previous assignment of long-lived charge separation. How-
ever, a further analysis at this stage is precluded, as the repeat
units are spectroscopically invariant. In order to confirm charge
percolation, we currently pursue the attachment of a distal re-
porter unit with distinct optical signature. Nevertheless, charge
transport within organic semiconductors is well known,[40] and
the prolonged CS lifetime between site-isolated poly(triaryla-
mine) versus conjugated poly(carbazole) qualitatively agrees
with the anticipated higher charge mobility.
Conclusion
Telechelic redox-active and conjugated polymers were utilized
as building blocks to demonstrate the facile assembly to Dn–
P–Am architectures,
[14] which can be regarded as block copoly-
mers with a single interjacent photosensitizer unit. The modu-
larity of the approach was ensured by the orthogonal linkage
and the facile purification protocols, which enabled the suc-
cessful design based on inherent optical and redox-chemical
properties of the building blocks. Despite the small scale of
prepared material necessary to conduct this study, the modu-
larity and the divergent synthesis permits the scaling for each
building block (polymer) independently, and to apply the opti-
mal conditions for the coupling step–which is a strategic ad-
vantage over grafting approaches or statistical copolymers
leading inevitably to defect sites. Hence, novel functional mac-
romolecules were designed and prepared, which feature opti-
cal transparency of the polymers in the visible light region
and, thus, the selective excitation of the photosensitizer occurs
to assure quantitative light-induced electron transfer. Efficient
Figure 4. Comparison of TA profiles obtained from the global fit of the TA
data with associated lifetimes: P (red, 3.0 ms), Dn–P (black, 1.6 ms) and Dn–P–
Am with first (blue, 0.7 ms) and second component (magenta, 6.8 ms). Note
the same spectral feature of the two components Dn–P–Am. Note the indica-
tive shifts of isosbestic points for Dn–P vs. P marked by dashed lines and
arrows.
Chem. Eur. J. 2017, 23, 16484 – 16490 www.chemeurj.org T 2017 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim16488
Full Paper
charge separation was observed, as unambiguously identified
by transient absorption spectroscopy. The charge separated
state features a long-lived component with a remarkably long
life time component (7 ms), which is assigned to the possibility
of charge transfer to other sites. The comparison of a non-con-
jugated poly(triarylamine) versus conjugated poly(3,6-carba-
zole) donor chains revealed a lifetime enhancement by a factor
of three, which indicates the utility of conjugated polymers to
achieve long-lived light-induced charge separation.
In summary, this novel approach towards polymer-based
photosystems relies on the divergent preparation of the build-
ing blocks, and their versatile post-polymerization linkage
through a modern chemistry-on-the-complex approach. As a
consequence, libraries of Dn–P–Am structures can be readily de-
signed and prepared to independently optimize charge separa-
tion and charge transport. Further opportunities include the
construction of redox cascades on a molecular level for direc-
tional charge transfer,[26] as well as phase separation using hy-
drophilic/hydrophobic substitution patterns.[23] Hence, the pre-
sented method is expected to serve as a versatile platform also
for related fields to tailor (photo-)electroactive organo-based
materials, for example, OFETs, OLEDs, or to transduce the opti-
cal stimulus into a long-lived redox-chemical and or redox-me-
chanical response.
Experimental Section
Instrumental details, further experimental details, as well as analyti-
cal, electrochemical and spectroscopic data can be found in the
Supporting Information.
[Ru(dqp)(dqp-ph-trz-pCarb)][PF6]2 (Dn–P). A vial was charged with
pCarb (9.00 mg, 2.14 mmol, 1 equiv.) as well as [Ru(dqp)(dqp-ph-C/
C-TIPS)][PF6]2 (4.29 mg, 4.29 mmol, 2 equiv.), sealed, evacuated and
flushed with nitrogen. Then dry DMF (1.00 mL), CuBr (0.62 mg,
4.29 mmol, 2 equiv.) as solution in DMF (0.17 mL) and PMDETA as
solution in DMF (0.02 mL, 0.24m, 2 equiv.) were added. The mixture
was stirred for 24 h at RT before the temperature was increased to
60 8C as no conversion was detected by UV/Vis-SEC. After addition-
al 24 h the temperature was increased to 80 8C and stirring was
continued for 53 h until no further conversion was detected. The
reaction mixture was precipitated in an aqueous solution of
NH4PF6. Then CH2Cl2 was added and the aqueous phase was ex-
tracted. The combined organic extracts were dried over Na2SO4, fil-
tered and concentrated under reduced pressure. The crude prod-
uct was purified by preparative SEC using the Toyopearl HW-50F
resin (2 mg (pure product)+3 mg (product+minor impurities of
the starting complex)). 1H NMR (400 MHz, CD2Cl2): d=8.75–8.30 (br,
pCarb), 8.30–7.95 (br, Ru), 7.95–7.80 (br, pCarb), 7.80–7.62 (br, Ru),
7.62–7.31 (br, pCarb+Ru), 7.31–6.87 (br, pCarb+Ru), 4.34–3.88 (br,
pCarb), 2.37–1.93 (br, pCarb), 1.52–1.0 (br, pCarb) 0.97–0.88 (br,
pCarb).
[Ru(dqp-O-pNDI)(dqp-ph-C/C-TIPS)][PF6]2 (P–Am). A vial was
charged with pNDI (0.070 g, 0.008 mmol, 1 equiv.), K2CO3 (0.001 g,
0.032 mmol, 4 equiv.), KI (0.003 g, 0.016 mmol, 2 equiv.) and
[Ru(dqp-ph-C/CH)(dqpOH)][PF6]2 (0.018 g, 0.014 mmol, 1.7 equiv.),
sealed and placed under a nitrogen atmosphere. Dry DMF (1.0 mL)
was added and the resulting solution was heated to 60 8C. The re-
action progress was monitored by TLC (aluminum oxide, CH2Cl2/
MeOH 95:5) and analytical size exclusion chromatography (DMAc+
0.08% NH4PF6, diode array detection). The reaction was continued
until no further conversion was monitored by TLC (77 h). The mix-
ture was diluted with a minimum amount of THF and precipitated
into aqueous NH4PF6 solution. The red precipitate was re-dissolved
in CH2Cl2 and water. The layers were separated and the aqueous
phase was further extracted with CH2Cl2 (3V). The combined or-
ganic batches were washed with brine, dried over Na2SO4 and con-
centrated under reduced pressure. Preparative size-exclusion chro-
matography (Toyopearl HW-55F, CH2Cl2/MeOH 95:5) gave the dyad
D2 as red solid (0.060 g, 75%). 1H NMR (300 MHz, CD2Cl2): d 9.11–
8.17 (br, pNDI), 8.11 (br, Ru), 8.08 (br, Ru), 7.91 (br, Ru), 7.71 (br, Ru),
7.63–6.47 (br, pNDI), 5.61–5.48 (br, linker), 4.38–3.73 (br, pNDI),
3.17–1.56 (br, pNDI), 1.56–1.03(br, pNDI), 1.19 (s, TIPS), 1.03–0.34
(br, pNDI).
Deprotection. A vial was charged with D2 (0.058 g, 0.058 mmol)
and THF (3 mL) and the resulting solution was cooled to 0 8C. Then
tetra-n-butylammonium fluoride (0.002 g, 0.007 mmol, 1.2 equiv.)
was added as solution in THF (0.150 mL) and the reaction mixture
was stirred for 30 minutes. Subsequently the reaction was
quenched with water and the mixture was precipitated in an aque-
ous NH4PF6 solution. The aqueous phase was extracted with
CH2Cl2. The combined organic extracts were concentrated under
reduced pressure. The red solid was used without further purifica-
tion (0.058 g, 100%). 1H NMR (300 MHz, CD2Cl2): d 9.04–8.15 (br,
pNDI), 8.06 (br, Ru), 8.02 (br, Ru), 7.82 (br, Ru), 7.71 (br, Ru), 7.48 (br,
Ru), 7.63–6.58 (br, pNDI), 5.59–5.46 (br, linker), 4.42–3.77 (br, pNDI),
3.04–1.55 (br, pNDI), 1.55–1.12 (br, pNDI), 1.00–0.59 (br, pNDI).
[Ru(dqp-O-pNDI)(dqp-ph-trz-pCarb)][PF6]2 (Dn–P–Am). A vial was
charged with P–Am (0.015 g, 0.0015 mmol, 1 equiv.) and pCarb
(0.019 g, 0.0045 mmol, 3 equiv.), sealed and place under a nitrogen
atmosphere. Then dry DMF (1.5 mL), a solution of copper(I) bro-
mide (0.0004 g, 0.003 mmol, 2 equiv.) in DMF (0.160 mL) and a so-
lution of PMDETA (0.013 mL, 2 equiv. , 0.24m in DMF) were added.
The reaction mixture was heated to 80 8C for 96 h. After cooling to
room temperature, the solution was precipitated in an aqueous
NH4PF6 solution and the aqueous layer was extracted with CH2Cl2
(4V). The combined organic phases were dried over Na2SO4 and
concentrated under reduced pressure. Purification by preparative
size-exclusion chromatography (Toyopearl HW-55F) gave the prod-
uct as red solid (0.004 g, 19%+0.010 g, 48% (with minor impuri-
ties of the dyad after first purification run) 1H NMR (300 MHz,
CD2Cl2): d=8.88–8.15 (br, pCarb+pNDI), 8.06 (br, Ru), 7.85 (br,
Ru+pCarb), 7.66 (br, Ru), 7.43 (br, Ru), 7.61–6.60 (br, pCarb+
pNDI), 5.17–5.07 (br, linker), 4.48–3.71 (br, pCarb+pNDI), 3.08–1.71
(br, pNDI), 1.42–1.01 (br, pCarb+pNDI), 1.01–0.54 (br, pCarb+
pNDI).
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8. Time-resolved data 
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 biexponential fit
 residuals
model biexponential
equation
y = y0 + A1*exp(-(x-x0)/t1) + A2*exp(-(x-x0)/t2)
chi2 reduced
4.43009E-8
cor. R2 0.9967
value standard deviation
triad
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--
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A multidonor–photosensitizer–multiacceptor
triad for long-lived directional charge separation†
Tina Schlotthauer,a Robert Schroot,a Starla Glover,b Leif Hammarstro¨m,b
Michael Ja¨ger *ac and Ulrich S. Schubert *ac
The modular assembly of a directional photoredox-active multidonor–photosensitizer–multiacceptor
(Dn–P–Am) architecture is presented. The triad assembly features a central Ru(II) sensitizer equipped with
pendant polymer chains consisting of multiple triarylamine (pTARA) and naphthalene diimide (pNDI) units,
respectively. Upon excitation, the efficient formation (496%) of charge separation (CS) was observed featuring
similar CS lifetimes (400 ns) as related molecular triads. In contrast, a significant additional longer-lived CS
component (2400 ns, 30%) is observed indicating multiple contributing pathways.
The efficient conversion of light energy into a redox-chemical
potential is a longstanding goal. On a molecular level, a multitude
of artificial photosystems have been designed from individual
photo- and redox-active building blocks.1–7 These subunits
perform the elementary steps of light absorption (by photo-
sensitizer, P) and charge storage (by electron donor, D; electron
acceptor, A) to generate a photo-induced charge separation.
Within such assemblies, the individual (photo)-redox potentials
dictate the thermodynamic driving forces for electron transfer,
while the linkage pattern (bridge) between the units control the
kinetics, which can be tuned in terms of electronic communication
and the mutual distances.8–11 Among other photosensitizers,
polypyridyl-type RuII complexes display remarkable photophysical
properties,12–14 particularly [Ru(bpy)3]
2+-based (bpy is 2,20-
bipyridine) complexes. Recently, [Ru(dqp)2]
2+-type (dqp is 2,6-
di(quinolin-8-yl)pyridine) complexes have emerged due to their
advantageous combination of photophysical properties and
axial symmetry, as well as enhanced photostability in comparison
to [Ru(bpy)3]
2+.15,16 Typical electron donor units are based on
electron-rich aromatics (e.g., phenothiazine, triarylamines), while
electron-deficient heterocycles (e.g., methyl viologen, aromatic
diimides) or quinones often serve as electron acceptors.17–20
Numerous advanced molecular systems (triads, D–P–A; tetrades
etc.) have been devised, that feature high molecular symmetry,
adjusted redox potentials, and distinct spectroscopic signatures
to elucidate the charge separation events. Noteworthy, extra-
ordinary long-lived charge separation with excellent quantum
yield has been achieved.17–20 However, charge migration and
storage – as desired for device application – implies formally
multiple units, leading to increasingly elaborative syntheses,
which impedes the practical value despite the powerful design
principles. In this context, polymer chemistry offers not only
appealing opportunities to connect multiple units, but also to
further exploit the macromolecule’s architecture (Fig. 1).2,21
The capability to apply some of the principles in the design of
macromolecular architectures is exemplified for light
harvesting,2,21 e.g., using RuII-decorated oligopeptides22–24 or
polystyrene (PS),25,26 poly(propylmethacrylate) (PPMA),27 poly(3-
hexylthiophene) (P3HT),28 poly(fluorene)29 or poly(fluorene-co-
thiophene).30 The seminal studies utilized statistical polymers
via free radical polymerizations and/or grafting strategies, e.g.,
to randomly embed D–P–A subunits within a Pn polymer chain
(Fig. 1a). Efficient light harvesting and long-lived charge separation
was demonstrated, although the generated charges are trapped
locally due to the absent percolation pathway as a consequence
of the random incorporation. In this regard, the reactive chain
terminus offers an elegant opportunity to design directional
macromolecular architectures. For example, a single viologen
acceptor was appended to the Pn chain terminus, leading to
approximately 30% emission quenching assigned to energy
transfer and subsequent charge separation.26 Similarly, an
inverted architecture was devised with a single sensitizer
coupled to a multi-acceptor chain, which displayed quantitative
charge separation.31,32 The immobilization of polymer-based
dyads onto semiconductor interfaces (Fig. 1b and c), in analogy
to dye sensitized solar cells,33 was also reported. Due to the
rapid interfacial electron injection and the semi-conductors
band structure, long-lived charge separation up to hundreds
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of microseconds was observed (Fig. 1b).30 The progress in
polymer chemistry further enabled the utilization of conjugated
polymers, which were shown to act as electron donors in charge
separation.29,30 From a hierarchical perspective, the immobilized
block-copolymer depicted in Fig. 1c features a multi-donor
triarylamine polymer corona on a multi-acceptor ZnO particle
with interjacently embedded photoactive RuII units. Notably, the
detailed analysis required substantial molecular modelling to
interpret the multiexponential decay data, which arises from the
conformational freedom of the flexible polymer as well as defects
due to incomplete grafting and/or chain-end functionalization.
In this contribution, a novel fully polymer-based architecture
is explored (Fig. 1d and Scheme 1). The Dn–P–Am triad consists
of a single bifunctional photosensitizer, which can be selectively
excited in the visible light region. The two functional groups
were used to selectively attach precisely one multi-donor and
one multi-acceptor chain. Triarylamine and naphthalene diimide
units were selected as versatile donor and acceptor units, respec-
tively, which are, e.g., investigated in self-assembled naphthalene
diimide (NDI) stacks for electron transport.34,35 Hence, the
resulting block-copolymer-type Dn–P–Am architecture assures a
percolation pathway for charge transport, in analogy to typical
transport mechanisms in organic semiconductors.36 The link-
age pattern around the central Ru sensitizer unit adopts an axial
geometry, in order to maximize the spatial separation of the
charge-carrying units and, thus, is expected to minimize charge
recombination. In addition, the synthesis relies on a modular
chemistry-on-the-complex strategy including optimized purifi-
cation protocols.
Modular syntheses and
analytical characterization
The synthesis from donor dyads (Dn–P)
37 and acceptor dyads
(P–Am)
31,32 was extended to prepare a novel covalently linked
multidonor–photosensitizer–multiacceptor (Dn–P–Am) triad.
Hence, the essential aspects in the design and preparation will
be briefly recalled. In order to assist the readability throughout
this manuscript, the functional building blocks and the corres-
ponding properties are color-coded, i.e., the photosensitizer in
red, the electron donors in blue and electron acceptors in
green, respectively. The donor and acceptor units were selected
due to their transparency in the visible region, suitable redox
potentials with respect to light-induced electron transfer, and
Fig. 1 Illustrative examples of macromolecular Ru-based photosystems
composed of photosensitizer (in orange/red), electron donors (in blue) and
electron acceptors (in green). Typical polypyridyl-type ligands based on
bpy (a and b), tpy (c), and dqp (this work) framework, electron donors
based on aromatic amines (a: phenothiazine; c and d: triarylamines) or
polyfluorene (b), electron acceptors (a: methyl viologen, d: naphthalene
diimide) or inorganic semiconductors (b: TiO2, c: ZnO). Polymer back-
bones based on styrene (a and d), acrylates (c) or conjugated fluorene (b),
forming statistical copolymers (a and b) or block-copolymers (c and d). See
text for further details.
Scheme 1 Modular assembly strategy from building blocks. Syntheses of building blocks (colored boxes, a–c): (a) the bis-functionalized ruthenium
photosensitizer, (b) the benzyl-chloride decorated poly(triarylamine) and (c) the azide-decorated poly(naphthalene diimide). Modular assembly (grey box,
d) via Williamson ether synthesis and CuAAC reagents. Note the divergent character with at most five linear steps from commercially available starting
reagents. For reagents and conditions see ESI.†
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distinguishable spectroscopic signatures in the reduced/
oxidized form. Following a divergent synthesis approach with
at most five linear steps (Scheme 1), the chosen chemistry-on-
the-complex approach and the developed purification protocols
permits the quantitative functionalization by independently
prepared polymers. The bis-functionalized RuII complex is
readily prepared via stepwise coordination of the two ligands
(Scheme 1a),38 which bear the desired hydroxyl or tri-isopro-
pylsilyl (TIPS)-protected alkyne groups. The telechelic donor
and acceptor polymers were prepared via nitroxide-mediated
polymerization (NMP) from the styrenic triarylamine (Scheme 1b)
or styrenic naphthalene diimide (Scheme 1c),32,37 which originate
from vinyl aniline via the Hartwig–Buchwald coupling or stepwise
condensation of naphthalene tetracarboxylic dianhydride.31,37
Noteworthy, the desired polymer end group is already introduced
via the commercially available NMP initiator. In addition, the
terminal benzyl chloride unit is readily converted to the corres-
ponding azide group after polymerization. Further experimental
details and analytical characterization are provided in the ESI†
(Fig. S2–S21). In summary, the divergently prepared building
blocks are equipped with orthogonal functional groups to assist
the modular assembly of the triad, the redox-active polymers
poly(triarylamine) (pTARA) and poly(naphthalene diimide)
(pNDI). Next, the Dn–P–Am triad was prepared by Williamson
ether synthesis to connect the pTARA-chain, followed by copper(I)
catalyzed azide–alkyne cycloaddition (CuAAC) to attach the
pNDI-chain (Scheme 1d). It should be noted, that the former
polymer-analogous reactions required potassium iodide to
facilitate efficient etherification via benzyl halide.32 The covalent
linkage of the donor dyad was confirmed by 1H NMR spectro-
scopy via the characteristic benzylic protons at the linkage
position (Fig. S10, ESI†). Size-exclusion chromatography (SEC)
monitored by UV/vis further corroborates the covalent linkage, as
shown by the characteristic polymer and RuII signatures at the
same elution time (Fig. S20, ESI†).32 Next, the silyl group was
quantitatively cleaved by TBAF to release the free alkyne group,
which served for the final CuAAC reaction with the azide-decorated
pNDI-chain. The course of the reaction was easily monitored by
UV/vis SEC and continued until no further conversion was
observed. Notably, prolonged heating at elevated temperatures
(80 1C) was necessary to obtain Dn–P–Am applying our previously
optimized protocol,32 which stresses the necessity and utility of
this highly efficient coupling strategy for such polymer-analogous
reactions.39,40 The purification was readily achieved by the
preparative SEC using Toyopearl beads. Fig. 2a highlights the
excellent separation, i.e., the desired triad elutes first as judged
by the characteristic absorption of pTARA (300 nm, grey shaded
area) and pNDI (360 nm, black line). The 1H NMR spectrum of
Dn–P–Am features the three building blocks (Fig. 2b, bottom),
i.e., the typical broad resonances of the aromatic protons of the
NDI units (8.3 to 9.0 ppm and 7.0 to 7.5 ppm) and of the TARA
units (6.3 to 7.0 ppm), as well as the minor signals arising from
the single ruthenium unit (7.5 to 8.3 ppm). All attempts to
obtain reliable mass spectrometry data failed, which is attributed
to the challenges to record mass spectra of block copolymers,
particularly in case of the cationic charge of the RuII fragment.
Optical and electrochemical properties
In the following paragraph, the essential photophysical and
electrochemical properties of the triad and related reference
systems (Fig. 4) will be presented. The absorption spectrum of
the triad resembles those of the individual components (Fig. 3),
i.e., identical maxima as pTARA (310 nm, blue-shaded), pNDI
(360 and 386 nm, green-shaded), and the central [Ru(dqp)2]
2+
unit (500 nm) as detailed previously,31 indicating that no major
perturbations in electronic character are introduced by linking
of the triad. Hence the subsystems P, Dn–P and P–Am (Fig. 4a–c)
are ideal reference systems for thermodynamic and kinetic
analysis. The steady state emission spectrum of P displays the
typical 3MLCT-based emission around 700 nm,38 whereas both
reference dyads Dn–P and P–Am feature a second component
(o650 nm) that has been previously assigned to polymer-based
emission.31,32 The donor dyad Dn–P shows a slightly lowered
3MLCT emission intensity than P, which is reasonable in view
of the unfavorable energetics for reductive quenching by the
pTARA.31 In contrast, the triad displays almost quantitative Ru
emission quenching (96%), as detailed for the P–Am dyad,
31
which indicates similar electron transfer to the pNDI fragment
for Dn–P–Am (vide infra). In line with steady state emission data,
the electrochemical data are consistent with the postulated
quenching pathways for the triad. The driving forces for
Fig. 2 (a) SEC elugram of the final separation using with UV monitoring
typical for pNDI (360 nm, black curve) and for pTARA (300 nm, grey
shaded area). (b) 1H NMR spectra (600 MHz, CD2Cl2) of the dyad (top) and
triad (bottom) with assigned characteristic protons. See Scheme 1 for
corresponding molecular representations of the dyad and the triad.
Fig. 3 Absorption spectra of the polymeric building blocks pTARA (blue-
shaded area) and pNDI (green-shaded area) and the triad (black curve). Note
the amplified signal (5, dashed line) to illustrate the weak absorption band
of the single Ru photosensitizer unit (400–600 nm). Steady-state emission
spectra of the precursor dyad (grey line, rectangles) and the triad (black line,
circles). Note polymer-based emission (o650 nm) and the 3MLCT emission
(around 700 nm), the latter revealing strong quenching (96%) between dyad
(Dn–P) and triad after subtracting residual polymer-based emission.
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electron transfer can be estimated from the formal excited state
potential of the photosensitizer with respect to the redox
potential of the polymers. The calculated driving forces suggest
primary oxidative quenching (DG = 0.25 eV) with secondary
electron transfer to regenerate the photosensitizer (0.25 eV),
whereas the reductive quenching pathway is unfavorable
(+0.20 eV) as detailed previously.31 Next, the spectroelectrochemical
features of the redox-active subunits will be briefly recalled
(Fig. S23, ESI†),31,41 which are essential for the interpretation of
the transient absorption data. The oxidized donor (pTARA+) exhi-
bits a strong absorption around 690 nm, and the reduced acceptor
(pNDI) displays characteristic maxima at 475 and 610 nm. The
oxidized photosensitizer (RuIII) features a decrease of the 1MLCT
band (around 500 nm) and broad absorptions above 700 nm.
The time-resolved emission and transient absorption measure-
ments (Fig. 5) were performed to investigate the light–induced
events of the triad in detail, including the reference systems shown
in Fig. 4. The observed emission lifetime of P (760 ns in DCM) is
considerably shorter than that reported in MeCN (3000 ns),38 in
line with the solvent effects leading to an analogously decreased
lifetime of [Ru(bpy)3]
2+ (bpy is 2,20-bipyridine).42 The Dn–P dyad
reveals a slightly shorter emission lifetime (660 ns) (Fig. S24, ESI†),
in agreement with the steady state emission data. An additional
short-lived component on the time-scale of the excitation pulse (ca.
10 ns) is observed in the dyad, which is absent in the case of the
pristine photosensitizer unit. This distinct feature is assigned to
polymer-based emission (vide infra), which stretched out to the
3MLCT region as confirmed by the steady state emission data. A
similarly short-lived emission (o10 ns) is detected for the P–Am
dyad (Fig. S24d, ESI†), but without any detectable long-lived
3MLCT emission. These findings parallel our previous time-
correlated single photon counting (TCSPC) data that showed
efficient 3MLCT emission quenching within 10 ns (90%).31 In
order to clarify the contribution by polymer-based emission
(o650 nm) for the Dn–P–Am triad, time-correlated single photon
counting (TCSPC) measurements were performed using suitable
filters for the polymer-based region (band pass, 450–650 nm)
and the 3MLCT region (long pass, 4715 nm, Fig. S26, ESI†).
Although the polymer-based emission is reasonably well
described by a mono-exponential decay (t = 3 ns, Fig. S27, ESI†),
adding a second decay component improved the fit (Table S1,
ESI†). Likewise, the fit of the 3MLCT region requires a second
more long-lived component (49 ns, 22%). This finding parallels
the observed multiexponential emission decay in a Ru-NDI dyad
with flexible linkage, assigned to several conformers with
different mutual distances and orientations and, thus, electron
transfer rates.43 A similar scenario is conceivable for the unsaturated
polymer backbone, which gives rise to an even more complicate
ensemble of geometries.44 A Stern–Vollmer analysis using the donor
Dn–P subunit and unbound NDI-based acceptors revealed the
diffusional quenching pathway (Fig. S28, ESI†) and, thus, further
corroborates the successful linkage of the covalent Dn–P–Am triad.
Transient absorption (TA) spectra were recorded between
400 and 730 nm (Fig. 5 and Fig. S29–S32, ESI†) to identify and
follow the (intermediate) states by virtue of their spectroelectro-
chemical signatures. Upon excitation, the reference complex (P)
shows the typical 1MLCT bleach and 3MLCT absorptions at
longer wavelengths, which are partially overlapped by stimulated
emission (Fig. S29, ESI†). The spectral decay is characterized by
several isosbestic points and follows mono-exponential kinetics
(730 ns), which is in satisfying agreement with the emission
lifetime. The TA data of the Dn–P dyad shows a generally similar
Fig. 4 Molecular representation of the triad including reference subsystems investigated by time-resolved spectroscopy: (a) photosensitizer core (P), (b)
multidonor–photosensitizer dyad (Dn–P), (c) photosensitizer–multiacceptor dyad (P–Am), and (d) multidonor–photosensitizer–multiacceptor triad (Dn–
P–Am). See ref. 31 and 37 for syntheses and steady state properties.
Fig. 5 (a) Time-resolved emission (top) and transient absorption traces
(bottom) in de-aerated DCM upon excitation at 532 nm (except for Dn–P–
Am at 500 nm). Emission recorded at 700 nm (except P–Am at 690 nm), all
transient absorption traces taken at 500 nm. Note the biexponential decay in
the case of Dn–P–Am with time constants of 430 and 2400 ns (see Fig. S32,
ESI†). (b) TA data showing the rapid formation of a charge-separated state and
slow subsequent recombination. Note the fast 1MLCT recovery, as well as the
positive TA signatures of pNDI (475 and 610 nm) and pTARA+ (690 nm) in
accordance with the spectroelectrochemical data (Fig. S23, ESI†).
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behavior (Fig. S30, ESI†), except for an unusually strong negative
TA contribution at short time scales (o20 ns) and higher
wavelengths (4550 nm, Fig. S30b, ESI†). In comparison to P,
the isosbestic point at 435 nm is preserved, while the ones at 575
or 655 nm are absent. The TA recovery of Dn–P was followed at
470 nm and is best described by a mono-exponential decay
(530 ns), although including a second component enhances the
fit at early times (Fig. S30, ESI†). Hence, a biexponential global fit
of the TA data was performed to verify this hypothesis. The
spectral profile of the long-lived component (520 ns) matches
perfectly that of pristine P, including the identical isosbestic
points, while the spectrum of the short-lived component (6 ns)
resembles that of the polymer-based emission. A similar short-
lived polymer-based TA feature was also found for P–Am (Fig. S31,
ESI†). In contrast, the long-lived 3MLCT-based TA signal is
absent, in line with our previous study that revealed fast initial
charge separation (o1.6 ns).31 In fact, a weak NDI signature was
observed on the time scale of the excitation pulse (Fig. S31b,
ESI†). As judged from absent build-up of the corresponding TA
signatures, the charge recombination seems faster than charge
separation, so that the TA recovery is completed within 100 ns
(Fig. 5a).31 In marked contrast, the Dn–P–Am triad shows the
immediate formation of the fully charge separated (CS) state, as
identified by the concomitant 1MLCT recovery and the evolving
positive TA signatures of pNDI and pTARA+ (Fig. 5b). More
importantly, the TA signal decays orders of magnitude slower
than in the reference dyad, following multiexponential kinetics
(Fig. S32, ESI†). The associated lifetimes of a biexponential fit are
430 ns (71%) and 2400 ns (29%). Performing the global fit of the
2D TA data revealed identical spectral profiles of the two compo-
nents, which are characteristic for the fully charge separated state
(Fig. 6). Notably, the charge separation persists even longer
than observed for [Ru(dqp)2]
2+-based related molecular triads
(140–200 ns).45 A further assignment, e.g., as reported for an
extremely long-lived molecular tetrades with distinct spectro-
scopic signatures,17 is precluded due to the invariant spectral
signatures of the repeating units. In addition, the ensemble of
conformations is also unknown (vide supra) but can be estimated
from extensive molecular modelling in analogy to the polymer-
based light harvesting and electron transfer studies as reported
by Papanikolas et al.7,46 In general, the back-folding of the flexible
polymer chain leads to shorter formal electron transfer distances
than the one set by the sensitizer and the first repeat unit along
the attached chain. Hence, multiple electron transfer pathways
can exist explaining the observed multiexponential emission
decay. Notably, the emission decay within a few nanoseconds
confirms efficient charge separation, while the timescale of
recombination is two orders of magnitude longer. The multi-
exponential character of the emission and recombination
indicates multiple pathways, which are practically indistinguish-
able due to the identical signatures of the repeating units, yet
long-lived charge separation is observed within the polymer
assembly. Although such spectroscopic properties seem unfavor-
able in terms of a full spectroscopic analysis, the simple modular
preparation and the resemblance of organic semiconductors may
open promising routes to tune subsequent charge transport.36
Conclusions
An efficient divergent modular synthesis was established
to prepare a multidonor–photosensitizer–multiacceptor triad
(Dn–P–Am), i.e., only five linear synthetic steps from commercially
available materials and facile purification. The functional building
blocks were selected according to their photophysical and electro-
chemical properties (P, Dn, and Am), and were connected in a
modular fashion. After selective excitation of the photosensitizer in
the visible light region, quantitative charge separation was observed.
Detailed steady state and time-resolved spectroscopy of the triad and
the related subsystems confirmed long-lived charge separation,
despite the unsaturated flexible linkage pattern among the units that
is usually avoided in model systems. Multiexponential decay was
observed, in line with the conformational freedom and ensemble of
electron transfer pathways. Nevertheless, the advantages and the
future perspective to utilize such triad assembly originate from the
synthetic advance in polymer chemistry,47 e.g., to assure an internal
redox-cascade by block-copolymer,41 to incorporate phase-forming
substituents48 to achieve self-organization for energy conversion,35 to
embed conjugated organic semiconductors,49 and/or to provide local
redox gradients to power molecular machines.
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